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ABSTRACT

The intracellular polysaccharide accumulated by cells of
Corynebacterium striatum and C. diphtheriae type gravis, when grown
under certain cultural conditions, has been characterized.

Conditions

conducive to accumulation of the polymer included a polysaccharide carbon
source, a limited supply of nitrogen, and an incubation period of 3-4 days.
Grown under these conditions, cultures of C. striatum attained a carbo
hydrate content consisting of 39% of the dry weight of the cells, and cultures
of C. diphtheriae type gravis, 31%. Glucose, maltose and selected di- and
trisaccharides supported growth of the cells of both species, but did not
stimulate the formation of intracellular polysaccharide. Cells incubated
in a medium containing glucose and a polysaccharide, preferentially utilized
the glucose as a carbon source and did not accumulate intracellular poly
saccharide.
Electron micrographs of ultrathin sections of both species of cells
grown under conditions favorable to polysaccharide accumulation, demon
strated the presence of globular, non-staining electron transparent inclusions
considered to be polysaccharide. These inclusions, scattered randomly
throughout the cell, did not seem to be associated with any cell structure
and no surrounding membrane was discernible. Thin sections of cells grown
on a medium not containing polysaccharide, failed to exhibit these globular,
cytoplasmic inclusions.
Chromatographic analyses of hydrolyzed samples of the isolated

xi

polysaccharides of both species revealed glucose as the only component
saccharide. Structural analyses, including consideration of infrared and
iodine-polysaccharide complex spectra, periodate oxidation of the end
groups and enzymatic treatment to determine chain lengths, revealed
that the intracellular polysaccharide of both species closely resembled
glycogen.
Brief investigations on the proposed roles of the intracellular
polysaccharide indicated its use as a reserve carbon source and as an
energy source for support of endogenous respiration. Resting cells con
taining polysaccharide were found to retain viability for a longer period
of time than resting cells lacking polysaccharide reserves.
Studies on the specific enzymes possible involved in the synthesis
of the polysaccharide indicated that both species contain ATP:D-hexose
6-phosphotransferase (hexokinase), oL-D-glucose-1, 6-diphosphate: o^.D-glucose-l-phosphate phosphotransferase (phosphoglucomutase), UDPglucose:glycogen ©^-4-glucosyl transferase (glycogen synthetase) andoC1,4-glucan: oC-l. 4-glucan 6-glycosyltransferase (branching enzyme).
It was thought that the enzymes amylopectin 6-glucanohydrolase
(debranching) and o^-l, 4-glucan:orthophosphate glucosyltransferase
(phosphorylase) were involved in the degradation of the polysaccharide.
The presence of phosphorylase was demonstrated in both species, but
debranching enzyme activity was not observed in either species.

xii

INTRODUCTION

The family, Corynebacteriaceae, contains genera of organisms
which are pathogenic to animals and plants, and genera which live to a
large extent on decomposing organic matter. Several of the pathogenic
genera are known to accumulate intracellular polysaccharide. This
investigation involves principally the study of polysaccharide metabolism
in two pathogenic species of the genus Corynebacterium, Corynebacterium
diphtheriae type gravis and Corynebacterium striatum.
In 1947, Hehre et al., found evidence that C. diphtheriae possessed
the ability to form an iodine-staining intracellular polysaccharide and that
diphtheroids lacked this ability.

They suggested that this biochemical

characteristic might be clinically useful in distinguishing the pathogenic
C_. diphtheriae from the innocuous diphtheroids.

Other bacteria have been

shown to possess the ability to form some type of intracellular poly
saccharide. Of particular importance to this investigation was the report
by Zevenhuizen (1966) concerning polysaccharide synthesis in Arthrobacter,
a saprophytic genus in the family Corynebacteriaceae.
Further work on the intracellular polysaccharide accumulation of
Corynebacterium was performed by Carrier in 1961. He tentatively
identified the polysaccharide which was formed in various species as
"starch-like" and studied the substrates necessary in the formation of the
polysaccharide. Investigation into the enzymatic mechanisms involved in
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the synthesis of the polysaccharide was also initiated by Carrier.
It is thought that the study of the biochemical mechanisms involved
in the synthesis and subsequent utilization of intracellular polysaccharide
in Corynebacterium may help to better define the pathogenic processes of
the bacteria. Knowledge concerning morphology, physiology, and biochemical
characteristics should add to the understanding of pathogenicity and to the
control of diseases caused by these organisms.
The purpose of this investigation was to characterize the intracellular
polysaccharide formed by corynebacteria grown in a medium containing
polysaccharide. Two representative species were used, C. striatum and
C. diphtheriae type gravis. Isolation and identification of the polysaccharide
produced by these organisms were attempted and preliminary investigation
of the enzymes involved in the metabolism of the polysaccharide was
conducted.

REVIEW OF LITERATURE

Characteristics of the genus Corynebacterium
Morphology
Corynebacteria are straight to slightly curved, Gram positive rods
(Breed et al., 1957).

The characteristic morphology of corynebacteria

varies from long club or wedge-shaped, occasionally branched rods to
short, almost coccoid cells (Conn and Dimmick, 1947). Morton (1940)
noted that the extensive morphological variations in Corynebacterium
diphtheriae could be attributed to various factors including the pH and
composition of the growth medium, age of the cells and oxygen tension of
the growth environment.

The method of cell division in corynebacteria has

been described as a snapping division (Hill and Richards, 1902). The
angular arrangement of cells occurs because of incomplete separation of
the daughter cell from the parent cell after cell division. This incomplete
separation also produces the palisade arrangement often described as
characteristic of slide preparations of corynebacteria. Members of the
genus as a whole are non-motile, and only those species pathogenic for
plants have been shown to possess flagella.
Conditions for growth
Carrier (1963) reported that all plant pathogens of the genus were
aerobic. Several animal pathogens, including£. diphtheriae, C.
pseudotuberculosis, C_. renale, J3. kutscheri and C!. striatum were

3

4

facultative in their oxygen requirements.
Utilization of carbon compounds
In general the genus utilizes carbon compounds oxidatively. The
fermentation of carbohydrates by various members of the genus is apparently
limited although glucose is fermented by most of the animal parasites.

The

products of fermentation by coiynebacteria have not been extensively
studied. This lack of knowledge is probably due to the fact that since only
a small amount of acid is produced, knowledge of the fermentation products
would be unimportant taxonomically (Ramamurthi, 1957). Carrier (1963)
tested 26 carbon compounds to determine the oxidative or fermentative
ability of various species of Corynebacterium. C. striatum, somewhat
uniquely, was found to be strongly fermentative and produced acid through
out the growth medium within 48 hr. C. diphtheriae was found to be weakly
fermentative, and produced acid throughout the medium only after 5 days
growth.
Utilization of nitrogen compounds
It is considered essential to have organic nitrogen in the medium for
the growth of animal parasitic species of Corynebacterium (Mueller, 1940).
Some of the more exacting strains require as many as 8 amino acids for
proper growth (Mueller and Kapnick, 1935). The plant pathogenic
corynebacteria are less exacting in their nitrogen requirements and will
utilize ammonium ions.
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Polysaccharides of microorganisms
General considerations
It is recognized that polysaccharides, as well as nucleic acids, lipids
and proteins, are important macromolecules in microorganisms. Poly
saccharides may be defined as polymers of polyhydroxyaldehydes or
polyhydroxyketones of at least 10 monomer units. The process of coupling
sufficient monosaccharide units through glycosidic linkage may yield a
product of macromolecular weight. Hexosans, composed of polymers of
hexose, include glycogen, dextrin, dextran, starch, amylose, amylopectin
and cellulose.
Location
Polysaccharides of microorganisms can generally be found in any of
three locations in the cell. Extracellular polysaccharides, occurring out
side the cell wall, generally exist as capsular material. A second category,
cell wall polysaccharides, are an integral part of the cell wall and are
termed mural polysaccharides. The third group, somatic or intracellular
polysaccharides, consists of those which are present within the cytoplasm
and often appear in the form of inclusions. The presence of polysaccharides
in microorganisms and the location within the cell varies widely from
organism to organism.
Function
The function of polysaccharides in microorganisms can arbitrarily
be divided into three categories based upon their activity (Stacey and

6

Barker, 1960). They may act as structural components, possess biological
activity or serve as energy reserves.
Salton (1956) examined the structural components which constitute
the cell walls of microorganisms. He and other investigators (Work, 1957;
Park and Strominger, 1957) isolated and characterized polysaccharides in
the cell wall and indicated that they play an important part as structural
components and may enable the cell to withstand changes in osmotic
pressure.
Polysaccharides and their complexes often exhibit pronounced
biological activity. The lipopolysaccharides of Gram negative bacteria are
pyrogenic (Davies, 1956) and antigenic if linked to protein (Davies et al.,
1955). An important function of capsular polysaccharides in microorganisms
is the resistance to phagocytosis which their presence confers upon the
organism. Thus, non-encapsulated pneumococci are readily phagocytized
by leucocytes whereas mucoid, encapsulated organisms are resistant to
phagocytosis (Enders et al., 1936). Wilkinson (1958) demonstrated that
certain saprophytic bacteria utilized an intracellular polysaccharide as
a buffer system to regulate the loss or gain of water in the cell.
In other microorganisms, polysaccharides serve as energy
reserves. Usually, these are the intracellular polysaccharides.

Holme

and Palmstierna (1956) demonstrated in Escherichia coli B that a glycogenlike polysaccharide served as a reserve carbon source. These authors
showed that this intracellular polysaccharide was degraded and incorporated

7

into protein. Glycogen was recognized as an endogenous researve which
favored cell survival in Aerobacter aerogenes (Strange et al., 1961).
These workers also revealed a difference in the function of the glycogen
polysaccharide and the structural cell wall polysaccharide in these
organisms. Dawes and Ribbons (1962) indicated that in

coli, the

intracellular glycogen served as the primary endogenous substrate and
that only when this material was utilized were other compounds degraded.
Eaton (1963) demonstrated that glycogen serves as an endogenous sub
strate in^a^charom^ces ^erevisiae.

In 1966, Zevenhuizen presented

evidence that Arthrobacter cells were able to survive for a considerable
period of time without an external nutrient supply. He determined that
the cells had an intracellular source of glycogen which provided the
energy and carbon substrates necessary for survival.
An intracellular polysaccharide reserve has been isolated from
the thermophilic organism Bacillus stearothermophilus. It is possible
that the glycogen-like polysaccharide serves as an energy reserve
(Goldemberg and Algranati, 1969) since these organisms utilize a great
amount of energy for growth and survival.
Occurrence in Gram positive bacteria
Stacey and Barker (1960) presented in book form a great deal of
information concerning polysaccharides of microorganisms. They
emphasized the fact that polysaccharides are synthesized at some stage of
growth in all representatives of bacteria, molds, yeasts, and protozoa.
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Since the organisms utilized in this study are Gram positive bacteria,
only polysaccharides found in this group of microorganisms will be con
sidered in this review.
In 1923, Heidelberger and Avery found that the specific soluble
substances of diplococci were polysaccharides.

They were shown to be

responsible for type specificity and this stimulated research defining
their chemical structure and serological specificity.

Presently, over

50 type-specific polysaccharides have been characterized. Glycogen was
isolated from Types I. 11, and in in 1936 by Heidelberger et al. Type
specific polysaccharides have also been identified in Streptococcus,
Leuconostoc and Staphylococcus.
The polysaccharides found in Gram positive bacteria are of a
diverse chemical composition.

Dextrans, starch, levan, mannan and

amyloses have been reported by various workers to be present in indi
vidual species.
In 1905,, Schardinger (Stacey and Barker, 1960) determined that
Bacillus macerans is capable of elaborating non-reducing, crystalline
saccharides when grown on a starch medium. It is now known that these
Schardinger dextrins are cycloamyloses in which 6-8 glucose units are
linked glucosidically to form a continuous loop (Freudenberg and Cramer,
1950).
Occurrence in corynebacteria
Hehre et al. (1947) demonstrated an intracellular starch-like
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polysaccharide in 17 different types of C_. diphtheriae. They suggested that
the presence of this deposition might be useful in distinguishing, diagnostically, organisms of C. diphtheriae from diphtheroids.

Later., Carlson

and Hehre (1949) isolated the starch-like polysaccharide from C_.
diphtheriae and found it was cpmposed mainly of two fractions having
similarities to amylose and amylopectin.
Carrier (1961) demonstrated the presence of an iodophilic polysac
charide in 7 species of Corynebacterium. Some species possessed what he
interpreted to be a phosphorylase and produced polysaccharide from
glucose-1-phosphate. In some of these species, the polysaccharide material
stained a reddish-brown and in other, deep blue. Carrier termed the
former material glycogen or amylopectin; the latter deposit he considered
to be starch-like in nature.

He found that other species produced polysac

charide when grown on corn starch, potato starch, amylopectin, amylose,
or dextrin although glucose, maltose, di- and trisaccharides were not
utilized in the formation of the reserve material.

Glycogen metabolism
General considerations
The present study revealed that corynebacteria formed intracellular
polysaccharides closely resembling glycogen. Because of this observation,
it is of interest to examine other microorganisms which form glycogen.
A list of the organisms which have been shown to accumulate glycogen is

shown in Table 1.

Table 1

Occurrence of glycogen in microorganisms

Organism

Reference

Escherichia coli

Palmstierna. 1956
Holme and PaJmstierna, 1956

Aerobacter aerogenes

Strange et al., 1961
Sigal et al., 1964

Neisseria perflava

Hehre and Hamilton, 1946
Hehre and Hamilton, 1948

Agrobacterium tumefacians

Madsen, 1963

Arthrobacter sp.

Ghosh and Preiss, 1965
Zevenhuizen, 1966

Bacillus megatherium

Barry et al. , 1952

Mycobacterium tuberculosis

Chargoff and Moore, 1944
Kent and Stacey, 1949

Mycobacterium phlei

German et al., 1961

Penicillium sp.

Eckert, 1957

Saccharomyces cerevisiae

Northcote, 1953
Manners and Maung, 1955

Tetrahymena pyriformis

Manners and Ryley, 1952

Trichomonas foetus

Feinberg and Morgan, 1953
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As can be seen, the occurrence of glycogen in microorganisms is not
limited to bacteria, as there are also representatives of molds, yeasts,
and protozoa.
It is necessary to review the main points of the structure, synthesis
and degradation of glycogen. Several review articles, prepared on
glycogen structure and metabolism (Manners, 1957; Manners, 1962;
Greenwood and Milne, 1968), will serve as the basis for much of this
discussion.
Glycogen is a highly branched, globular macromolecule usually
composed of several thousand chains. Each chain, which may vary in
length, contains 10-15 <3^-1,4 linked D-glucose residues and is joined to
an adjacent chain by an d -1> 6-glucosidic linkage (Manners, 1957).
Glycogen of a molecular weight of 5 x 10® contains 31, 000 glucose residues
and about 2500 c^-D-1, 6 interchain linkages. The degree of branching of
glycogen is in general about twice that of amylopectin.
Enzymes acting uponoC-1,4-glucosidic bonds
Since glycogen contains^-1,4 ando<_-1, 6 linkages, the synthesis
and degradation involves the action of enzymes able to act on these glucosidic linkages.

Two types of enzymes, glucosyltransferases and glucoside

hydrolases, have been shown to be specific in their action upon

-1,4

linkages. Glucosyltransferases are concerned both with synthesis and
degradation. They act by transferring D-glucosyl residues to or from an
acceptor molecule already containing o(-l, 4 linked oC-D-glucose residues.
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They have the general reaction pattern:
G-OX + H-OR —> G-OR + H-OX
where G represents the sugar residue or glucosyl group, X the aglycone
and H-OR the receptor molecule. The synthesis of polysaccharide involves
the transfer of a glucosyl group., G, from the aglycone, X, to the receptor
molecule, -OR (Barker and Bourne, 1953).
Amylases are glucoside hydrolases and are strictly degradative in
nature. There are three main types of amylases which may be character
ized by their action on a polysaccharide molecule. Alpha {ck) amylases,
termed endoamylases, catalyze random hydrolysis of<A-l, 4 linkages
resulting in the degradation of glycogen into products such as maltose,
glucose, maltotriose and limit dextrins.

Beta (fi ) amylases are termed

exoamylases and hydrolyze an external chain of cK~1,4 linked o^-D-glucose
residues stopping ato( -1> 6 linkages. The third group of amylases
liberate glucose as the primary product of a stepwise hydrolysis.

These

are usually called amyloglucosidases or glucamylases.
Phosphorylases represent a specific type of glucosyltransferase
which degrade polysaccharides beginning at the non-reducing end by the
removal of glucose-1-phosphate. Phosphorylases act specifically upon
0(-l, 4-glucosidic bonds.

Their action ceases when the outer chain of

polysaccharide is degraded to the first tier of branch points.

The end

product of the reaction of phosphorylase on amylopectin or glycogen is
a phosphorylase limit dextrin.
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Enzymes acting upon

-1, 6-glucosidic bonds

The synthesis of ano^-1, 6-glucosidic linkage is catalyzed by a special
glucosyltransferase commonly called branching enzyme.

In the past,

glucosyltransferases from animal sources were termed branching enzymes
(Barker et al., 1950) and glucosyltransferases from plants were termed Q
enzymes (Haworth et al., 1944). These enzymes function by rupturing part
of a chain, one part of which is then transferred to the C-6 position of a
non-terminal D-glucose residue in another chain. Branched molecules
which serve as the substrates for these enzymes act as both donor and
acceptor molecules.
There are degradative enzymes termed debranching enzymes which
will hydrolyze an o(-D-l, 6-glucosidic interchain linkage. Studies on these
enzymes have shown that animals have an amylo-1, 6-glucosidase (dextrin
6-glucanohydrolase) which degrades glycogen or amylopectin. Moreover,
plants have an R enzyme (amylopectin 6-glucanohydrolase) which degrades
only amylopectin, and yeasts have an isoamylase which degrades glycogen
or amylopectin. There are other debranching enzymes which act only on
dextrins of low molecular weight. These are called limit dextrinases and
oligo-1,6-glucosidases (oligodextrin 6-glucanohydrolase).
Specific transferases and hydrolases
UDPglucose:glycogen- -4-glucosyltransferase
(trivial name, glycogen synthetase)
Biosynthesis of polysaccharides by bacteria via glucosyl transfer
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from disaccharides has been reviewed by Hestrin (1962).

There are cases

which have established the existence of true glycogen synthesis in bacteria.
Sigal et al. (1964) compared glycogen accumulation by wild-type Escherichia
coli and mutant strains lacking UDPglucose pyrophosphorylase. The
mutants accumulated just as much or more glycogen as the wild-type.
Therefore, the mutant glycogen synthetase appeared to utilize as a substrate
some nucleotide diphosphate other than UDPglucose. Preiss and Greenberg
(1965) have established the role of ADPglucose in the biosynthesis of
glycogen-like polymers. They demonstrated the occurrence of the
following reactions:
1) ATP + glucose-1-phosphate —^
2) ADPglucose + <?£-l, 4-glucan —>

ADPglucose + PPi
1, 4-glucosyl-glucan + ADP

The second reaction is catalyzed by ADFglucose:glycogen oC-4-glucosyltransferase and leads to the formation of glycogen and starch in
Agrobacterium tumefaciens (Shen, 1964) or in the particulate fraction in
Aerobacter aerogenes and Escherichia coli (Preiss and Greenberg, 1965).
The soluble Arthrobacter glycogen transglucosylase (Greenberg and Preiss,
1965) and the particulate Escherichia coli enzyme (Preiss and Greenberg,
1965) have been purified and found to have similar properties.

Both were

specific for ADPglucose and both required glycogen, amylopectin or
maltodextrins as primers. Preiss et al. (1964) and Greenberg and Preiss
(1964) found two different enzyme systems for the synthesis of glucose
polymers in cell-free extracts of Arthrobacter. One system incorporated
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glucose from UDPglucose; the second system utilized ADPglucose.
oC-l, 4-glucan:
4-glucan 6-glycosyltransferase
(trivial name, branching enzyme)
The product of the reaction catalyzed by the glycogen synthetase is
a polymer containing c^-1,4-glucosidic linkages.
1,6 linkages must be introduced.

To form glycogen,

The formation of an ^ -1,6 branch point

is catalyzed by a branching enzyme (o{ -1,4-glucan:

-1,4-glucan 6-

glycosyltransferase). These enzymes were first described by Cori and
Cori in 1943.
The Q enzymes, demonstrated in beans, and other plants, and in the
flagellated protozoan, Polytonella coeca by Bebbington et al. (1952) are
able to transform amylose into amylopectin, but have no effect on amylopectin (Haworth et al., 1944). The Q enzyme enables the transformation
of approximately 50% of the^-l, 4 linkages in amylose into oL-1, 6glucosidic linkages.
Animal branching enzymes act on both amylose and amylopectin,
transferring both into glycogen which has about 8% o£rl, 6 branching.

Thus,

in contrast to the Q enzymes, these branching enzymes are able to effect
an increase in branching in amylopectin from only 4% to 5%.
A branching enzyme present in the bacterium, Neisseria perflava,
was described, in 1948, by Hehre and Hamilton. In 1961, Gunja et al.,
obtained from yeast a branching enzyme which transformed amylose into
a glycogen-type polysaccharide. More recently, Zevenhuizen (1966)
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described and partially purified a branching enzyme from Arthrobacter.
Amylopectin 6-glucanohydrolase
(trivial name, debranching enzyme)
The so-called debranching enzyme hydrolyzes the outer ^-1,6glucosidic interchain linkages in amylopectin and glycogen.

The presence

of these enzymes has been demonstrated in plants (R enzymes), in animal
tissues (amylo-1, 6-glucosidase) and in yeast (isoamylase).
R enzyme (amylopectin 6-glucanohydrolyase) was isolated from
potato and bean in 1951 by Hobson et al. This enzyme partially reversed
the action catalyzed by the branching enzyme, Q enzyme.
Cori and Larner (1951) found a debranching enzyme amylo-1,6glucosidase in crude extracts of muscle. Acting with phosphorylase,
this debranching enzyme completely degraded glycogen.
Isoamylase first noted in 1930 by Nishimura, was found by Maruo
and Kobayashi (1951) to cause extensive debranching of the starch obtained
from rice. In 1961, Gunja et al. studied the properties of isoamylase
from yeast. Using starch as the substrate, they noted a marked increase
in iodine staining power and amylolysis limit. However, they observed
that the ^-1,4-glucosidic linkages were not attacked and only the outer
tier of©£-l, 6-glucosidic linkages were hydrolyzed.

MATERIALS AND METHODS

Organisms and culture media
Corynebacterium striatum, ATCC 6940, and Corynebacterium
diphtheriae type gravis, ATCC 8028, were the organisms used in these
studies. Stock cultures were maintained on brain heart infusion agar
slants at 10 C. Working cultures were maintained in brain heart infusion
broth. For test purposes, the organisms were grown on a semi-synthetic
medium adapted from Hook et al. (1946) and Zevenhuizen (1966).

The

composition of the medium appears in Table 2.

Chemicals and reagents
All organic chemicals used in this investigation were analytical
reagent grade unless otherwise indicated.

The following chemicals, ob

tained from Sigma Chemical Co.. St. Louis, Missouri, were used in the
assays: adenosine 5'monophosphate, Type II from yeast; ^-amylase, Type
IIB from barley; ©^-D-glucose-l-phosphate, Grade 1; D-glucose-6phosphate, Grade 1, adenosine 5'triphosphate (ATP), Grade 1 from equine
liver; uridine 5'diphosphoglucose (UDPG), Grade 1 from yeast; c^-amylase,
Type IIIA from Bacillus subtilis; pyruvate kinase from rabbit skeletal
muscle, Type 1; uridine 5'diphosphate (UDP) from yeast. Type 1; phospho(enol)-pyruvic acid (PEP); bovine albumin, Fraction V.
The following carbohydrates were used as substrates: D-glucoseUL-Cl4; Volk Radiochemical Co., Burbank, California; L- sorbose.
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Table 2

Composition of semi-synthetic medium

Component

Grams
per liter of
distilled water

Soluble starch

5. 0

K2HPO4

2.2

KH2P04

0.9

MgCl2

0.2

(NH4)2S04

1.0

Yeast extract

0.5

Milligrams
per liter of
distilled water

FeCl3-6H20

2.50

H3BO3

0.01

ZnS04- 7H20

0. 01

CoCl2' 6H20

0. 01

CuS04" H20

0.01

MnCl2

0.01

Na2MoQ4- H2Q

0. 01
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D-sorbitol, L-mannitol, melezitose, inulin, raffinose, dextrin, glycogen,
Pfanstiehl Laboratories, Inc., Waukegan, Illinois; dextrose, (%> -D-fructose,
sucrose, General Biochemical Co., Chagrin Falls, Ohio; soluble starch,
Fisher Scientific Co., Fair Lawn, New Jersey; L-rhamnose, J. T. Baker
Co., Phillipsburg, New Jersey; maltose, trehalose, Nutritional Biochemical
Co., Cleveland, Ohio; L-fucose, cellobiose, amylopectin, Calbiochem,
Los Angeles, California.

Substrate dependency experiments
Preparation of cells
Cells to be used in the substrate dependency experiments were pre
pared in a standard manner. Inoculum from working cultures was seeded
into 100 ml of semi-synthetic medium and incubated for 24 hr at 37 C on a
rotary shaker. The cells obtained were then used as an inoculum for a
new culture and placed in 1 liter of semi-synthetic medium.

The growth

resulting from this inoculum was then used in the individual tests.
Effect of carbon source
To determine the effect of carbon source on growth and polysaccharide
production, cells were grown for 72 hr in the conventional semi-synthetic
medium or in an altered semi-synthetic medium in which the soluble starch
carbon source was replaced by other carbon sources. In each test, dry
weight of the cells, the total cell carbohydrate content, and the carbohydrate
content in the medium were determined.
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Effect of length of incubation period
The carbohydrate content of cells after varying lengths of incubation
was examined. Samples were taken from cultures growing on semi
synthetic medium at varying time intervals and the dry weight of the cells,
the cell carbohydrate content, and the carbohydrate content of the medium
were determined.
Effect of nitrogen concentration
The carbohydrate content of cells grown on different concentrations
of nitrogen was examined. The concentration of (NH4)2S04 in the fresh
semi-synthetic medium was varied from 0. 05 to 0. 3%. After 60 hr growth,
dry weight and carbohydrate content of the cells and carbohydrate content
in the medium were determined.
Radioisotope experiment
Glucose-UL-C14 was introduced into growing cultures of cells after
varying lengths of incubation to determine the amount of incorporation into
the intracellular polysaccharide material. Radioactivity was measured in
a Beckman liquid scintillation system. The scintillation fluid employed
consisted of 4 g of 2,5-diphenyloxazolyl (PPO), 0. 2 g of 1,4-bis-2-(5phenyloxazolyl)-benzene (POPOP), 6 g of naphthol, 100 ml of methanol,
and dioxane brought to a volume of 1 liter. After adding the dioxane, the
fluid was kept in the dark. Each sample vial contained 10 ml of scintil
lation fluid. Cells were grown on semi-synthetic medium with 0.5% soluble
starch as the carbon source. At periods of 60, 72 and 96 hr of incubation,
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100 ml samples were removed from the growth flask and 5 >ic of glucoseUL-C14 were added. After 4 hr of incubation with the radioactive glucose,
the cells were removed by centrifugation and the polysaccharide was
isolated after rupturing the cells by ultrasonic vibration. The isolated
polysaccharide was dissolved in 1 ml of distilled water prior to mixing
with the scintillation fluid.

Isolation of polysaccharide
Physical procedures
Cells, to be used for isolation of the polysaccharide material, were
removed from the semi-synthetic medium by centrifugation in a Sorvall
tabletop centrifuge. Subsequently they were washed with 0.1 M phosphate
buffer, pH 7.0, until no color change was elicited when Grams iodine was
added to a sample of buffer.
In the initial part of the investigation, cells were disintegrated by a
Nossal cell disintegrator. In this procedure, a quantity of 2 g wet weight
of washed cells were suspended in 2 ml of distilled water and 8 g of glass
beads (0. 012-0.11 mm, Matheson Scientific, Inc., East Rutherford, New
Jersey) and placed in the 15 ml capacity stainless steel disintegrator cell.
The cell suspension and the stainless steel container were cooled prior to
agitation. Cell disruption was accomplished by 30 sec exposures in the
disintegrator for a total of 6 min. The stainless steel container was cooled
continuously by a jet of CO2. After disintegration, the suspension was
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centrifuged in a refrigerated Sorvall RC-2 centrifuge at 10, 000 x g for 10
min to remove beads, non-disrupted cells and large cell fragments.

The

protein in the supernatant solution was precipitated by adding tricloroacetic acid (TCA) in a concentration of 2.5% (w/v) and removed by
centrifugation. The residual protein-free supernatant fluid was placed in
dialysis tubing and dialyzed against running tap water for 24 hr. The
polysaccharide contained in the retentate was precipitated by 2 volumes
of absolute alcohol. After collecting by centrifugation, the polysaccharide
material was washed once with absolute alcohol, once with ether and dried
in a desiccator.
A Sonifier cell disruptor (Heat Systems Co., Melville, New York)
was acquired for use during the latter part of this investigation, and was
subsequently the preferred method for isolation of polysaccharide. Cells
to be disrupted by ultrasonic vibration were collected from 1 liter of growth
medium, washed, and suspended in 15 ml of 0.1 M phosphate buffer, pH
7. 0, which contained 8 g of glass beads. The suspension was cooled in a
dry ice-alcohol bath and exposed for 6 min at full power and an output
control setting of 7. After disintegration, the suspension was extracted
as described previously to isolate the polysaccharide components.
Isolation of cell wall carbohydrate
The carbohydrate material was removed from the cell walls by a
procedure adapted from Zevenhuizen (1966).

The precipitated material

from cells after exposure to sonication or Nossal disintegration was
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resuspended in 0.1 M phosphate buffer, pH 7.0, and subjected to either
sonication or Nossal disintegration.

The resulting cell suspension was

ceni/rifuged at 6, 000 x g for 10 min.

The cell pellet was dissolved in 50 ml

of 2 N NaOH and digested for 24 hr at room temperature, and subsequently
heated at 100 C for 30 min.

After cooling, 2 volumes of absolute alcohol

were added to precipitate the carbohydrates which were removed by
centrifugation at 10, 000 x g for 10 min.

The carbohydrate-containing pellet

was washed once with absolute alcohol and once with ether. It was centrifuged at 6,000 x g for 10 min after each wash.

The resulting pellet

consisted of the cell wall carbohydrates.
Determination of dry weight of cells
The dry weight of cells was determined by taking a sample of 10 ml
from the growing culture and removing the cells by centrifugation. The
wet cell pellet was placed in a tared aluminum weighing dish. The cells
were dried in a 110 C oven for 10 min and weighed on a Mettler balance.
The values were reported as mg of dry weight per ml of culture fluid.
Determination of total carbohydrate content
Cells were collected from the medium by centrifugation and washed
with 0.1 M phosphate buffer, pH 7.0, until Grams iodine added to a sample
of buffer elicited no color change. The phenol-sulfuric acid test (Dubois
et al., 1951) was used for the determination of total carbohydrate content
in a suitably diluted sample of cells (10 to 100 yg carbohydrate). For each
determination, 2. 0 ml of diluted cells were mixed with 0.1 ml of 80%
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phenol and 5. 0 ml of concentrated H2SO4. Absorbance was measured at
485 nm on a Beckman DB spectrophotometer after 30 min at room temper
ature. Glucose concentrations ranging from 10 to 100 jig were employed
as standards.
Determination of reducing sugar content
The method of Somogyi-Nelson (Somogyi, 1952) was used to determine
reducing sugar content. For each assay, 2 ml of copper reagent were
mixed with 2 ml of sample solution containing 10 to 100 jig of carbohydrate.
The mixture was heated for 15 min in a boiling water bath. After cooling,
2 ml of Nelson's reagent was added, and the absorbance of the blue color
at 520 nm was measured in a Beckman DB spectrophotometer. Glucose
samples ranging in concentration from 50 to 200 jig of glucose were em
ployed as reference standards.
Chromatographic analysis of isolated polysaccharide
Chromatographic methods were employed to identify the isolated
polysaccharide. Samples of TCA soluble intracellular polysaccharide (100 mg)
or cell wall polysaccharide (100 mg) were hydrolyzed in 6 N HC1 in a sealed
ampoule under vacuum for 12 hr. The hydrolyzed sample was subjected to
ascending paper chromatography on Whatman No. 1 paper using an n-butanolacetic acid-water (4:1:5) solvent system.

Aniline phthalate in saturated n-

butanol was employed for detecting sites of deposition of the carbohydrate
residues.
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Viability study
Cell viability
Cells used in this study were grown in the manner described in the
substrate dependency experiments. After incubation for 24 hr in fresh
semi-synthetic medium, the cells were centrifuged aseptically and equal
portions resuspended into each of two flasks, each containing 100 ml of
salt solution. One flask contained 0.2% (NH^SC^ as a source of nitrogen.
The salt solution consisted of 0.1% K2HPO4, 0. 02% MgCl2, and trace
elements as in the semi-synthetic medium. Samples were taken from each
flask at various time intervals and cell protein content, cell carbohydrate
content, and the number of viable cells determined.
Viable cell counts
A determination of the number of viable cells was made employing
the smear plate technique and using dilution blanks consisting of physiological
saline. The plates contained semi-synthetic medium plus 2% agar. Tripli
cate samples were prepared of each dilution and incubated for 4 days at 37 C
prior to examination and counting.

Polysaccharide structure analyses
Infrared spectra
The absorbance spectra of the isolated polysaccharide preparations
were recorded in the infrared region of the spectrum from 4, 000 to 700
cm-1 by mixing 15 mg of dried sample material with 1 g of KBr and preparing
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a pellet by means of a hydraulic press. The infrared spectrum for each
sample was then recorded on a Perkin-Elmer model 137 sodium chloride
spectrophotometer and compared with a recorded spectrum of a standard
glycogen sample.
Iodine-polysaccharide complex spectra
The absorbance spectra of iodine-polysaccharide complexes were
measured in the region of 400-700 nm.

Each complex was also examined for

absorbance at 280 nm to indicate presence or absence of protein. The iodine
reagent contained the following: 100 ml of 0.1 M citrate buffer, pH 6.0;
20 ml I2-KI solution (0.2% and 0.4%, respectively, w/v) and 170 ml of distilled
water. The absorbance spectrum of samples containing 1 ml of an aqueous
solution (400 jig of polysaccharide) and 3 ml of iodine reagent was recorded
on a Beckman DB spectrophotometer, using the scanning procedure. The
samples were examined in conjunction with an iodine reagent reference
standard.
End group determination by periodate oxidation
Periodate oxidation enables the estimation of the number of non-reducing
end groups in a polysaccharide molecule. From this information, an average
chain length, CL, may be determined. The average chain length, defined as
the number of glucose residues per mole of non-reducing terminal glucose,
may be derived by the following formula:
average chain length (CL) =

<* polysaccharide
mmoles of formic acid released x 162

The value 162 represents the molecular weight of anhydroglucose.
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For each determination, a sample of 20-60 mg of polysaccharide was
dissolved in 2 ml of distilled water. Subsequently, a quantity of 2 ml of
sodium periodate (8 g NaIC>4 in 100 ml) was added. After the solution had
reacted for 24 hr in the dark at room temperature, a volume of 0. 4 ml of
ethylene glycol was added to decompose the excess periodate. After a
period of 10 min, the formic acid which had been liberated was determined
by titration with 0. 01 N NaOH, bromcresol purple serving as the indicator.
A control was examined under identical conditions, except that the ethylene
glycol was added prior to the addition of NaIC>4. This procedure was adapted
from Hassid and Abraham (1957).
Enzymatic studies
Action of <?C- amylase
Polysaccharides were reacted with a solution of ^-amylase to determine
the percent of hydrolysis. For each assay, 10 mg of polysaccharide, 1.25 ml
of a 0.5% NaCl solution, 1. 25 ml of 0.1 M citrate buffer, pH 6.2, and 0.25
ml of a 5 mg/ml ^-amylase solution were mixed and distilled water was
added to bring to a 10 ml volume. After incubation at 30 C for 24 hr, the
reducing sugar content of 0.2 ml of the incubation mixture was determined
by the Somogyi-Nelson method. Maltose was utilized as the reducing sugar
standard. This procedure was a modification of that proposed by Kjolberg
and Manners (1962).
Action of ^-amylase
The enzyme, (i -amylase, hydrolyzes polysaccharides by releasing
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maltose from the outer chains.

The process of

-amylolysis, the percent

of hydrolysis of a branched polysaccharide by ^-amylase, yields a product
termed a

limit dextrin. Since only^-1,4-glucosidic linkages are cleaved,

determination of maltose content after incubation of a polysaccharide with
^-amylase will indicate the mean exterior chain length, or ECL.

ECL is

then defined as the number of glucose residues removed by ^ -amylase plus
the correction factor of 2.5. The number 2. 5 is added because it has been
found that the outer chains of a polysaccharide still contain either 2 or 3
glucose residues after ^-amylase incubation (Smith and Montgomery, 1956).

Enzyme assays
Preparation of extracts
Cell extracts for the enzyme assays were prepared using the disrupted
cell material from either the Nossal disintegrator or sonic vibration treat
ment as previously discussed. Whole cells and cell fragments were removed
by centrifugation in a refrigerated Sorvall centrifuge, and the resulting clear
extract was dialyzed for 20 hr against running water at 4 C.

The resulting

retentate was termed the crude extract.
Protein determination
The protein content in the crude extracts was determined by the method
of Lowry et al. (1951), using the reagent of Folin-Ciocalteu. Aqueous
solutions of concentrations ranging from 100 to 300 jig of bovine serum
albumin were employed as standards.
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ATP:D-hexose 6-phosphotransferase
(trivial name; hexokinase)
The colorimetric method of Darrow and Colowick (1962) was utilized
to measure hexokinase activity. Hexokinase is an enzyme which catalyzes
the reaction:
ATP + glucose —^ ADP + glucose-6-phosphate + H+
The assay is based upon the use of an acid-base indicator, cresol red, and
a buffer, glycylglycine-NaOH, having identical pKa values. The amount of
acid produced in the reaction is equivalent to the amount of basic buffer
neutralized and is proportional to the amount of basic indicator neutralized.
The decrease in absorbance at 560 nm, (the wavelength at which the basic
form of the indicator absorbs light) is a quantitative measure of the acid
produced (or phosphate transferred).

The hydrogen ion liberated during

the phosphorylation of 1 micromole of glucose produces the same change in
absorbance as the addition of 1 micromole of HC1. A stock assay solution
was prepared by mixing 7 ml of 0. 006% cresol red in 1.6% solution of
MgCl2'6H20 (neutralized with 0.1 M NaOH until indicator becomes reddish
purple), 3 ml of 0.1 M glycylglycine-NaOH buffer, pH 9. 0, and diluting to
30 ml with distilled water.

For each assay, 0.1 ml of crude extract was

mixed with 2.5 ml of stock assay solution and 80 jimoles of glucose. The
rate of change in absorbance was measured at 560 nm. An addition of
0.1 ml of 0.1 N HC1 (10

H+) in place of 0.1 ml of crude extract gave a

decrease in the absorbance of 0. 35. A control was included in each assay
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by substituting distilled water for the glucose solution.
oC-D-glucose-1, 6-diphosphate: o^-D-glucose-1-phosphate
phosphotransferase
(trivial name, phosphoglucomutase)
The assay for phosphoglucomutase activity, measured by the method
of Najar (1955), is based on the ability of the enzyme to catalyze the forma
tion of glucose-6-phosphate from glucose-1-phosphate. Najar noted that
up to a concentration of 1 ^iM of glucose-1-phosphate, the relationship
between glucose-6-phosphate formation and enzyme concentration is linear.
The measurement of the activity is based on the fact that the product of
the reaction, glucose-6-phosphate, is a reducing sugar. The enzyme activity
is determined by incubating several tubes containing 0.1 ml of 0. 006 M
MgSC>4, 2 jimoles of glucose-1-phosphate, and 0.1 ml of crude extract at
37 C. At various time intervals, individual tubes are assayed for reducing
sugar by the Somogyi-Nelson method, using glucose as a standard. Cysteine,
utilized in the incubation mixture of Najar, was not included in the present
work because it was found to interfere with the reducing sugar determina
tions. MgS04 was included because it has been found to stimulate phospho
glucomutase activity (Najar, 1962).
UDPglucose: <o£-4-glucosyltransferase
(trivial name, glycogen synthetase)
A modification of the method of Leloir and Goldemberg (1962) was
used to assay for the presence of glycogen synthetase. Glycogen synthetase
activity was measured by assaying the amount of UDP formed from UDPglucose

in the presence of glycogen and glucose-6-phosphate. The UDP was de
termined indirectly by using a preparation of pyruvate kinase which catalyzed
the transfer of phosphate from PEP to form UTP.

The pyruvate formed was

determined colorimetrically by converting it to dinitrophenylhydrazone and
measuring absorbance at 520 nm. The two reactions involved in the assay
are as follows:
(glycogen)n + UDPglucose
UDP + PEP pyruvate kinas^

^ (glycogen)n + 1 + UDP
UTP + pyruvic acid.

A solution containing 5 ml of a 40 mg/ml sample of glycogen and 5 ml
of 0. 05 M glucose-6-phosphate solution in 0.75 M glycine buffer, pH 5. 0,
containing 0. 025 M EDTA was prepared. For each assay, 0.3 ml of this
solution was mixed with 0.1 ml of a solution containing 25 jimoles/ml of
UDPG and 0.1 ml of crude extract.

This mixture was incubated for 10 min

at 37 C and the reaction terminated by heating for 1 min in a boiling water
bath. A control sample, in which the UDPG was added after the incubation,
was analyzed at the same time. The amount of UDP formed was determined
by adding 0. 05 ml of 0. 01 M solution of PEP in 0. 4 M KC1 and 0. 05 ml of
0. 01 M pyruvate kinase in 0.1 M MgSO^.

This mixture was incubated for

15 min at 37 C and 0.3 ml of 0.1% dinitrophenylhydrazine in 2 N HC1 solution
was added. After 5 min, 0.4 ml of 10 N NaOH and 2. 2 ml of 95% ethanol
were added. The resulting brown solution was mixed and centrifuged, and the
absorbance at 520 nm of the supernatant fluid was measured. Standard
solutions containing 0.5 ml of UDP in concentrations ranging from 0. 01 to
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0.1 jimoles per ml were utilized.
oLrl, 4-glucan: o<L-l, 4-glucan 6-glycoslytransf erase
(trivial name, branching enzyme)
The extent of branching enzyme activity may be determined by several
methods. Acting on a polysaccharide substrate, branching enzyme will
introduce JL-1,6 bonds. When one^-1, 6-glucosidic bond is added, an
additional non-reducing end group is produced.

Therefore, enzyme activity

may be shown by determining either the increase in non-reducing end
groups via periodate oxidation, a decrease in^-amylolysis limit, a de
crease in the viscosity of the solution or a decrease in the wavelength of
maximal absorption of an iodine-polysaccharide complex. Of these
possibilities, the last mentioned method of Larner (1955) is the easiest to
accomplish and was chosen to serve as an assay for branching activity.
For each determination, 0. 3 ml of 1% polysaccharide substrate, 0.4 ml of
0.1 M 2-amino-2-(hydroxymethyl)-l, 3-propanediol (Tris) buffer solution,
pH 8. 0, and 0.1 ml of crude extract solution were mixed and incubated
at 37 C. Polysaccharides used as substrates were amylose, amylopectin,
soluble starch, or ft -amylase limit dextrin of amylopectin. The reaction
was terminated after various periods of incubation by heating for 10 min
in a boiling water bath.

After cooling, 0.1 ml of the solution was mixed

with 2. 9 ml of iodine reagent. The decrease in absorbance at 570 nm was
measured within 10 min against an iodine reference.
Branching enzyme was further studied by varying substrate, enzyme
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concentration, pH of the substrate, and temperature of incubation. When
different substrates were utilized, enzyme activity was measured at the
wavelength of maximal absorbance for that substrate. In some instances,
the substrate concentration had to be reduced because of the intense color
which developed from the iodine-polysaccharide complex.
Assays of ^-amylolysis limit and end group determinations using
periodate oxidation were conducted on soluble starch, amylopectin^and
{2 -amylase limit dextrin of amylopectin. For each assay, 100 ml of a
1% polysaccharide sample, 100 ml of 0.1 M Tris buffer solution, pH 8. 0,
5 drops of chloroform and 50 ml of crude extract were incubated at 37 C.
At various times, samples were taken for assay.
-1,4-glucan:orthophosphate glucosyltransferase
(trivial name, phosphorylase)
Phosphorylase attacks a polysaccharide unit from the non-reducing
end and releases glucose as glucose-l-phosphate. The enzyme is specific
for ©(.-1,4-glucosidic linkages and therefore cannot attack a polysaccharide
molecule after the first tier of branch points has been reached.
The presence of phosphorylase was assayed by incubating a mixture
of 60 ml of distilled water containing 60 mg of soluble starch per ml, 80 ml
of 0.2 M phosphate buffer, pH 8. 0, and 10 ml of crude extract. After
various periods of incubation, 1 ml samples were removed and mixed with
1 ml of 3% (w/v) of perchloric acid to precipitate the protein, which was
removed by centrifugation. After neutralization of the sample with NaOH,
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2 ml of 95% ethanol was added to precipitate the polysaccharide, which was
removed by centrifugation.

The polysaccharide was resuspended in 10 ml

of distilled water and the polysaccharide content of the resulting solution
was determined using the phenol-sulfuric acid test with glucose as the
standard. The length of the exterior chains of the polysaccharide was de
termined by incubation with ^2-amylase in 0.1 M acetate buffer, pH 4. 6,
and then measuring the amount of reducing sugar produced. A control
experiment was conducted by replacing the phosphate buffer with 0.1 M
Tris buffer, pH 8. 0.
Amylopectin 6-glucanohydrolase
(trivial name, debranching enzyme)
Debranching enzyme, specific for q^-1, 6 linkages, causes an increase
in the wavelength of maximal absorbance (as measured prior to and after
enzyme incubation), of an iodine-polysaccharide mixture. Enzyme activity
was measured by determining the increase in ^-amylolysis limit. A mixture
of glycogen limit dextrin, crude extract, and

-amylase was incubated.

Under these conditions debranching enzyme will provide new substrate for
the ^2-amylase. Debranching enzyme activity was measured by determining
the reducing sugar content in the incubation mixture.

The assay system of

Zevenhuizen (1966) was followed with several modifications. The incubation
mixture contained 0. 4 ml of 1% solution of

-amylase limit dextrin of

glycogen, 0.4 ml of 0.2 M acetate buffer, pH 6. 0, 0.1 ml of a 10 mg/ml
p, -amylase solution, and 1.1 ml of crude extract. Under these conditions,
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debranching enzyme, if present, would act on the ^-amylase limit dextrin
prior to any action of the ^-amylase. The latter enzyme would then
create reducing sugar residues. Following varying periods of incubation,
0.1 ml samples were taken and the reducing sugar residues were determined
by the method of Somogyi-Nelson. Controls were determined by utilizing
heated crude extracts so that enzymatic activity was destroyed.
O^-l, 4-glucan 4-glycosyltransferase (cyclizing)
(trivial name, cyclodextrin glycosyltransferase)
Cyclodextrin glycosyltransferase, acting on a soluble starch substrate,
causes a decrease in absorbance at the wavelength of maximal absorbance
(

max) for starch. For each assay, 1. 0 ml of 1 M calcium acetate

buffer, pH 5.2, and 4 ml of crude extract were added to 10 ml of a 2%
solution of soluble starch.

After various periods of incubation, 0.5 ml of

the incubation mixture was removed and added to a mixture of 0. 2 ml of
2 N sulfuric acid and 5 ml of 0. 0035 M iodine in 0. 25 M KI. This mixture
was brought to a volume of 10 ml with distilled water and the absorbance at
660 nm measured within 3 min.

A reference standard containing the

iodine-KI solution was utilized. A control assay was determined by deleting
the crude extract from the incubation mixture.

Electron microscopy
Negative staining
Washed, whole cells suspended in 0.1 M phosphate buffer, pH 7.0,
were added dropwise with a Pasteur pipette onto 400 mesh parlodion-carbon
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coated grids. Excess fluid was withdrawn from the surface of the grid by
touching the droplet with filter paper. A drop of 0. 5% (w/v) phosphotungstic
acid solution, pH 6.5, was placed on the grid. After 15 sec, the excess
stain was removed by blotting with filter paper, and the grid was allowed
to air dry before examination in the electron microscope.
Carbon replicas and metal shadowing
Carbon replicas were prepared according to the method of Bradley
and Williams (1957). A drop from a slightly turbid suspension of washed
cells was placed on the surface of a parlodion-carbon coated 300 mesh grid.
Excess fluid was removed from the surface of the grid by blotting with
filter paper. The grid was then placed in a Kinney vacuum evaporator unit
and a 1/16" tip of a carbon rod was vaporized on the specimen at an angle
of 180° and a distance of 14 cm. The grid was then removed from the
evaporator and treated with amyl acetate to remove the parlodion film.
The cellular material was "dissolved in a solvent containing 0.15 g KMnC>4,
0.15 g K2CV2OJ and 1.5 ml of concentrated H2SO4. A grid with the carbon
film upward will float on this solvent until all cellular material is dissolved.
After sinking, the grid was retrieved, washed with distilled water once,
treated with concentrated HC1 once, and distilled water twice. The grid
was blotted dry with filter paper between each wash. Upon drying, the
grids were replaced in the vacuum evaporator and shadowed at an angle of
20° with 12 mg of platinum. The metal shadowing was performed at a
vacuum of about 5 x 10~5 microns of Hg.
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Freeze-etching technique
Freeze-etching techniques were applied to a sample of C_. diphtheriae
type gravis to examine the external and internal structural relationships.
Cells tend not to form internal ice crystals when quickly frozen in freon at
the temperature of liquid nitrogen. When cells frozen in this manner are
forcefully cut, the planes of fracture tend to follow the planes of biological
structure. The details of the exposed fracture surface may then be enhanced,
after etching, by heavy metal evaporation at an angle to the cut surface. A
replica may be prepared of this surface by depositing a layer of carbon
onto the fractured area. Subsequent dissolution of the cell material yields
a shadowed replica of the surface structure which may then be placed on a
grid and examined in an electron microscope.
The instrument utilized in this procedure was the Berkeley freeze
etch device (C. W. French, Inc., 58 Bittersweet Lane, Weston,
Massachusetts). Cells of JC. diphtheriae type gravis were grown in semi
synthetic medium for 72 hr, removed by centrifugation, resuspended to a
consistency of a thick paste in 50% ethylene glycol, and left overnight at
room temperature. Grids previously rolled on a 22 gauge needle and cleaned
in 70% alcohol were filled with the cell paste and quickly frozen in a small
container of solid freon which was immersed in liquid nitrogen. The frozen
sample was placed into the freeze-etch device which had been previously
immersed in liquid nitrogen. The device was assembled and quickly trans
ferred to a vacuum evaporator. The frozen cells were fractured when a

38

vacuum of 5 x 10"^ microns of Hg was attained. The fractured surface was
shadowed at an angle by vaporization of a carbon/platinum pellet, followed
by carbon evaporation from above. The resulting replica was freed from
organic material by dissolving the cellular material in increasing concen
trations of sodium hypochlorite. Subsequently, the replica was placed on
a grid prior to examination in the electron microscope.
Fixation, thin sectioning, and post staining
The method of Kellenberger et al. (1958) was used for preparation
of cells for ultrathin sectioning.

A volume of 25 ml of bacterial culture

was mixed with 3 ml of 1% OSO4 solution and centrifuged at 5, 000 x g for
5 min.

The resulting pellet was suspended in 1 ml of fresh OSO4 solution

and 0.1 ml of tryptone medium and left for 16 hr at room temperature.
The cell suspension was diluted with 8. 0 ml of Kellenberger buffer and
centrifuged at 5, 000 x g for 5 min.

This pellet was mixed with 1 ml of

warm 2% agar, and spread on the surface of a glass slide. Upon hardening,
the agar containing the cells was cut into small blocks and placed in 0.5%
uranyl acetate-veronal buffer for 2 hr. The agar-cell blocks were centri
fuged at 5, 000 x g for 5 min and dehydrated by passage through a graded
alcohol series.

The dehydrated cells were washed twice with propylene

oxide to remove the alcohol and suspended in a 1:1 propylene oxide and
Maraglas mixture (Freeman and Spurlock, 1962) for 30 min.

The blocks

were removed from the mixture, placed in undiluted Maraglas for 1 hr at
room temperature, and finally placed in "BEEM" capsules (Better Equipment
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for Electron Microscopy, Inc., Bronx, N. Y.). Fresh Maraglas mixture
was added, and the capsules were placed in a vacuum oven at 60 C for 72 hr
in order to effect polymerization of the Maraglas.
Ultra-thin sections were cut on an LKB Ultrotome using a DuPont
diamond knife.

The sections were placed on unsupported 400 mesh grids

of either copper or aluminum. The sections were post stained for improved
contrast of the cells by treating with Pb (OH)2 (Millonig, 1961) or KMnC>4
solutions. Sections were exposed to 0.5% uranyl acetate in pH 6.0 veronal
acetate buffer for 20 min, rinsed with distilled water and blotted dry. Other
sections were exposed to an unbuffered 2% KMnC>4 solution for 5-10 min,
washed with 0.5% citric acid solution, rinsed in distilled water, and blotted
dry. All sections were examined in an RCA EMU-3G electron microscope
at an accelerating voltage of 50 KV.

RESULTS

This investigation, divided into two phases, involved a study of the
processes which enable certain species of Corynebacterium to accumulate
cytoplasmic polysaccharide.

The first aspect involves the characterization

of the polysaccharide using both chemical procedures and electron mi
croscopy. The second phase involves a study of enzymes present in
Corynebacterium which may be associated with polysaccharide synthesis
and degradation. A correlation has been made between the nature of the
enzymes present and possible metabolic pathways employed.
Carrier (1961) reported examining seven species of Corynebacterium
which were able., under appropriate cultural conditions, to accumulate
polysaccharide. The group included C. diphtheriae., C. pseudotuberculosis,
JC. kutscheri, C_. tritici, C. striatum, C_. renale and C. pseudodiphtheriticum.
The present investigation involves the study of C_. striatum and C.
diphtheriae type gravis since among the above seven species, only these
two were found to grow adequately on the semi-synthetic medium employed
in this investigation. The medium was designed to insure adequate growth
utilizing minimal quantities of defined constituents.

It was determined in

other experiments that thiamine greatly enhanced growth and biotin was an
essential growth factor for both species of cells. The simplest method of
supplying both of these vitamins in appropriate quantity was to include 0.5%
yeast extract in the medium. Since the carbon source utilized was a
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polysaccharide, and since yeast extract was added, the medium was termed
semi-synthetic.

Role of substrate in formation of polysaccharide
Effect of carbon source
To determine the substrates utilized in the formation of intracellular
polysaccharide, various carbohydrates were used as the carbon source
in the semi- synthetic medium. Working cultures were, used as a source
of inoculum for a flask containing 100 ml of semi-synthetic medium, which
was subsequently incubated for 24-36 hr at 37 C on a rotary shaker . A
50 ml portion of this culture was used as an inoculum for 1 liter of fresh
medium. After an incubation period of 48 hr, the cells were harvested
and examined for the presence of intracellular polysaccharide.

The re

sults, shown in Table 3, indicate that in both Corynebacterium species,
polysaccharide accumulation is not necessarily associated with growth.
Hexoses, disaccharides, and trisaccharides supported growth in both
species, but a polysaccharide as a carbon source was necessary for poly
saccharide accumulation. Each type of polysaccharide employed served
as a substrate for growth and polysaccharide accumulation in both organisms,
In every instance, the amount of polysaccharide accumulated in C_. striatum
was greater than that observed in C_- dipfctheriae type gravis.

The average

chain length of both the glycogen and the ft - amylase limit dextrin of glycogen
used as carbon sources was 10-14. Therefore., a primer polysaccharide of
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Table 3
Polysaccharide accumulation of C^. striatum and C_. diphtheriae type gravis
grown on various carbon sources
polysaccharide
accumulation
1+
2**

Substrate

saccharide
type

growth
(+ or -)
1*
2**

dextrose

hexose

+

+

-

L-sorbose

hexose

+

-

-

hexose

+

+

-

mannitol

hexol

+

-

-

D-sorbitol

hexol

+

-

-

L-rhamnose

deoxyhexose

+

-

-

L-fucose

deoxyhexose

+

-

-

sucrose

disaccharide

+

-

-

cellobiose

disaccharide

+

+

-

trehalose

disaccharide

+

-

-

raffinose

trisaccharide

+

+

-

melezitose

trisaccharide

+

+

-

(i -limit dextrin
of glycogen

polysaccharide

+

+

+

+

soluble starch

polysaccharide

+

+

+

+

dextrin

polysaccharide

+

+

+

+

potato starch

polysaccharide

+

+

+

+

amylose

polysaccharide

+

+

+

+

amylopectin

polysaccharide

+

+

+

+

glycogen

polysaccharide

+

+

+

+

-D-fructose

* C. striatum
** C_. diphtheriae type gravis
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10 or more hexose units is adequate for the stimulation of cytoplasmic
polysaccharide accumulation. Oligosaccharides, containing 4 to 10 hexose
units, were not tested for ability to serve as substrates because they are
not easily obtained.
Effect of length of incubation
The carbohydrate content of cells grown for varying periods of time
on semi-synthetic medium was examined. After varying periods of incu
bation samples were withdrawn, and the dry weight and the carbohydrate
content of the cell and residual starch content of the medium were deter
mined. The results for cultures of C. striatum are shown in Fig. 1, and
those for C_. diphtheriae type gravis are shown in Fig. 2. In both organisms,
the utilization of the starch in the medium and the growth, as evidenced by
an increase in dry weight, initially progressed approximately linearly.
After a period of 60-70 hr in cultures of C_. striatum and 40 hr in cultures
of C. diphtheriae type gravis, the carbohydrate utilization rate decreased.
In both organisms, the maximal dry weight of the cells and the maximal
cell carbohydrate content occurred at about 70 hr of incubation. After this
time, there was no further utilization of starch in the medium and the dry
weight of the cells and the cell carbohydrate content of the cells decreased
slowly. The maximal percent of dry weight of carbohydrate in C. striatum
was 39%, inC. diphtheriae type gravis, 31%.
Effect of nitrogen content
The carbohydrate content of cells grown on different concentrations

Fig. 1. Effect of incubation period on the carbohydrate content of
cultures of C_. striatum grown in semi-synthetic medium,
dry weight of cells, mg/ml of culture (A )
cell carbohydrate content, mg/ml of culture (O)
soluble starch in growth medium, mg/ml (•)
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Fig. 2. Effect of incubation period on the carbohydrate content of
cultures of C_. diphtheriae type gravis grown in semi
synthetic medium.
dry weight of cells, mg/ml of culture ( A )
cell carbohydrate content, mg/ml of culture (O)
soluble starch in growth medium, mg/ml (•)
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of nitrogen was examined. Cells were grown in a semi-synthetic medium
in which the (NH^SC^ concentration, normally 0.1% was varied from 0. 0
to 0. 3%. These flasks were incubated for 48 hr at 37 C on a rotary shaker.
Subsequently, dry weight of the cells, cell carbohydrate content and starch
content remaining in the medium were determined.

The non-carbohydrate

cell material was also calculated.
The results obtained with cultures of C_. striatum are shown in Fig. 3
and with cultures of C. diphtheriae type gravis in Fig. 4. In both organisms,
the dry weight of the cells and the non-carbohydrate content of the cells
increased with increasing concentrations of (NH4)2S04. At a concentration
of 0. 3% of (NH4)2SC>4 in both cultures, the cells were able to metabolize all
of the starch in the medium.

At concentrations of (NH4)2S04 below 0.3%,

both species had residual starch in the medium after 48 hr of incubation.
The total carbohydrate content revealed as percent of dry weight, was
maximal in both organisms at an (NH4)2S04 concentration of 0. 05%, and
decreased progressively with an increasing concentration of (NH4)2S04. In
both species, maximal carbohydrate content of the cells, expressed in
mg/ml was attained at an (NH4)2SC>4 concentration of 0.1%. It is noted
that although the cells contained the highest carbohydrate content, expressed
as percent of dry weight, at a concentration of 0.05% (NH4)2S04, the semi
synthetic medium normally used contained 0.1% (NH4)2S04. The reason
this greater concentration was normally used was that the cells grew much
more abundantly on 0.1% (NH4)2SC>4 than on 0. 05% (NH4)2S04.

Fig. 3. Dry weight, carbohydrate content and non-carbohydrate
content of C. striatum cells grown on varying concentrations
of (NH4)2S04.
dry weight of cells, mg/ml of culture (•)
non-carbohydrate content of cells, percent of cell weight (O)
carbohydrate content of cells, percent of cell weight ( £ )
carbohydrate content of cells, mg/ml of culture (^ )

ORY WT OF CELLS OR CARBOHYDRATE CONTENT
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Fig. 4. Dry weight, carbohydrate content, and non-carbohydrate
content of C. diphtheriae type gravis cells grown on varying
concentrations of (NH4)2SC>4.
dry weight of cells, mg/ml of culture {•)
non-carbohydrate content of cells, percent of cell weight (O)
carbohydrate content of cells, percent of cell weight ( A)
carbohydrate content of cells, mg/ml of culture (A)
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Glucose incorporation
It has been established that in both C_. striatum and C_. diphtheriae
type gravis, glucose serves as a carbon source but not as a substrate for
intracellular polysaccharide accumulation. If cells were grown in a
medium containing glucose and soluble starch, both species preferentially
utilized the glucose.

The glucose-UL-Cl^ incorporation study was de

signed to establish whether the glucose units in the intracellular polysac
charide reserve could include hexoses which had been present in the substrate.
Utilizing cells of C. striatum;, it was observed thai if the labeled
glucose were added during the period of growth from 60 to 65 hr, 22% of the
labeled units were incorporated into the intracellular polysaccharide. In
corporation increased to 65% if the labeled glucose were added during the
period of growth from 72 to 76 hr and decreased to 48% if added from 96 to
101 hr. Thus, it is evident that substrate hexose may become incorporated
into intracellular polysaccharide.

The amount of incorporation is correlated

with the period during which the cells are actively accumulating polysaccharide
(see Fig. 1, page 44).

Analyses of isolated polysaccharides
Chromatographic analysis of polysaccharide
An examination of the cell wall fractions of C_. diphtheriae type gravis
and C_. striatum revealed that regardless of the growth conditions, 18-20%
dry weight of the cells could be attributed to mural carbohydrates.

The
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intracellular polysaccharide portion varied from 0 to 39% of the dry weight
of C_. striatum, and from 0 to 31% of the dry weight of C_. diphtheriae type
gravis depending upon cultural conditions. Isolated cell wall and cyto
plasmic carbohydrates from both species were hydrolyzed and subjected to
chromatographic analysis in order to investigate the component saccharide
units.
When intracellular polysaccharides of both species were subjected to
hydrolysis and chromatography, only one carbohydrate residue could be
detected by the aniline phthalate developer. In each instance, the Rf ob
served corresponded to that of the glucose standard.

This demonstrated

that the intracellular polysaccharides of both C. striatum and C_. diphtheriae
type gravis consisted of units of glucose.
The cell wall saccharides of both species were subjected to hydrolysis
in 6 N HC1 at 160 C for 24 hr.

This proved to be insufficient treatment to

completely hydrolyze either sample. Treatment of additional samples of
both species in 10 N HC1 at 160 C for 24 hr was also insufficient to effect
complete hydrolysis. However, four carbohydrate residues were visible
when the sample of C5. diphtheriae type gravis hydrolyzed in the 10 N HC1
solution was subjected to chromatography. Three of these residues were
identified as glucose, galactose and mannose by correlating the Rf values
obtained with known sugar standards. A fourth residue migrated approxi
mately the same distance as the rhamnose standard, but it was not ident
ified with certainty. Using the hydrolysate product form the C. striatum
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cell wall sample which had been treated in 10 N HC1 for 24 hr, three
residues were identified as glucose, rhamnose and mannose by correlation
of Rf values with standards.
Electron microscopic analysis
Methods of electron microscopy and staining techniques were used to
identify the intracellular polysaccharides of C. striatum and C_. diphtheriae
type gravis. Ultrathin sections, carbon replicas, negatively stained whole
cells and cells treated by freeze etching techniques were examined in the
electron microscope.
Fig. 5 is a carbon replica of C_. striatum cells which were grown on
semi-synthetic medium for 72 hr. The surface of the cells appears ir
regular and most cells exhibit a depressed band which circumscribes the
center of each cell. This depression is thought to represent the invagin
ation of the cell wall which occurs prior to cell division.

Most of these

cells have dimensions of the order of 0.5 by 0. 8 >im. This seemingly
coccoid appearance is typical of cells grown on a semi-synthetic (nitrogen
deficient) medium for several days.
Fig. 6 is a micrograph of a negatively stained whole cell of C.
diphtheriae type gravis grown on semi-synthetic medium for 24 hr.

The

cell at this stage of growth is distinctly bacillus-shaped. The negative
stain demonstrates the rough cell wall pattern and the irregular character
istics of the cell wall-cell membrane region.

Faintly visible along the

center axis of the cell are more lightly staining, circular structures

An electron micrograph of a carbon replica of C_. striatum
grown for 72 hr on semi-synthetic medium. The line marker
on the micrograph represents 0.5 ^im.
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Fig. 6. An electron micrograph of a negatively stained cell of
C. diphtheriae type gravis grown for 24 hr on semi-synthetic
medium. Mesosomes (me) are barely visible in the center
of the cell. The line marker represents 0.1 jim.
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thought to represent mesosomes.

The dimension of this cell is 0.5 by

1.6 ^im.
The carbon replica presented in Fig. 7 depicts cells of C_. diphtheriae
type gravis which were grown for 48 hr on semi-synthetic medium and
subjected to freeze-etching. The band showing the cell wall invagination is
demonstrated and at one end of the cell, a fracture has removed a portion
of the cell wall. This cell measures 0.5 by 1.3 >im. A cell at the lower
right has been fractured in such a way as to reveal what may be mesosomal
structures.
Mesosomes present in young cells are shown in Fig. 8. This micro
graph was obtained from an ultrathin section of C. diphtheriae type gravis
grown for 24 hr on semi-synthetic medium. At this stage of growth, many
mesosomes, appearing as double layered membranes, are present in the
cells, but there are no visable deposits of polysaccharide. Invagination of
the double layered cell membrane is shown in one cell.

A micrograph,

presented in Fig. 9, shows a sectioned cell at increased magnification and
demonstrates the multilayered cell wall with a mesosome attached to the
cell membrane.
The appearance of cells of C. striatum after 72 hr of growth on a
semi-synthetic medium is shown in Fig. 10. The thin section reveals a
multilayered cell wall and a prominent nuclear area. The globular un
stained areas evident in some cells are considered to represent the site of
intracellular deposits of polysaccharide. The dark staining material

Fig. 7. An electron micrograph of a carbon replica of cells of
C_. diphtheriae type gravis which have been grown on
semi-synthetic medium for 48 hr and subjected to freezeetching. A portion of the cell wall (cw) has been fractured
in such a manner as to expose mesosomes (me). The line
marker on the micrograph represents 0.5 ^im.

gpiPpI
i

Fig. 8. An electron micrograph of an ultrathin section of cells of
C. diphtheriae type gravis grown on semi-synthetic medium
for 24 hr. Mesosomes (me) are visible as double layered
membranes. The line marker on the micrograph represents
0.5 Jim.

Fig. 9. A high magnification electron micrograph of an iiltrathin
section of cells of C. diphtheriae type gravis grown on
semi-synthetic medium for 24 hr. A mesosome (me) is
shown attached to the cell membrane (cm). The line
marker on the micrograph represents 0.1 jim.
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Fig. 10. An electron micrograph of an ultrathin section of cells of
C. striatum grown for 72 hr on semi-synthetic medium.
Nuclear region (n) and intracellular polysaccharide material
(p) is visible. The line marker on the micrograph represents
0.5 jim.
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circumscribing the areas of polysaccharide may represent a reaction of
an acidic solution of Grams iodine which was applied to the thin section as
a post stain in an attempt to preferentially stain the polysaccharide.
An electron micrograph of an ultrathin section of cells of C.
diphtheriae type gravis grown for 72 hr on a semi-synthetic medium is
presented in Fig. 11. Intracellular polysaccharide deposition is also
apparent in this micrograph.

There is no discernible membrane sur

rounding the polysaccharide globules. A higher magnification micrograph
of an ultrathin section of cells of C_. diphtheriae type gravis, shown in
Fig. 12, still fails to reveal the presence of a membrane surrounding
the polysaccharide globule. This micrograph was purposely printed with
dark tones to accentuate the appearance of the polysaccharide globule.

Proposed roles for polysaccharide
Relationship to cell protein content
Utilizing a resting cell culture, the role of the intracellular poly
saccharide as an endogenous carbon or energy source or as a source
for the support of protein synthesis was studied. In addition, the effect
of the presence or absence of a nitrogen source upon endogenous substrate
utilization was measured. Cells of both species were grown under the
appropriate cultural conditions for intracellular polysaccharide accumu
lation. These cells were then washed and resuspended in a salt solution
which contained no carbon source.

Fig. 11. An electron micrograph of an ultrathin section of cells of
C. diphtheriae lype gravis grown on semi-synthetic medium
for 72 hr. Intracellular polysaccharide (p) is apparent.
The line marker on the micrograph represents 0.5 jim.

Fig. 12. A high magnification electron micrograph of an ultrathin
section of J3. diphtheriae type gravis grown for 72 hr on
semi-synthetic medium. Intracellular polysaccharide (p)
and nuclear region (n) are apparent. The line marker on
the micrograph represents 0.1 jim.
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The content of cell protein and carbohydrate of resting cells incubated
in the presence or absence of (NH4)2SC>4 was determined. The results ob
tained, presented in relation to time of incubation, are shown for _C. striatum
in Fig. 13, and for C. diphtheriae type gravis in Fig. 14. In both species,
the presence of nitrogen in the buffer solution caused an increase in cell
protein content and a decrease in carbohydrate content of resting cells with
time. The protein content of those cells incubated with (NH^SC^ in
creased 15 to 20% above the value at the initial period during the first 12 hr
of incubation. During this same time period the carbohydrate content of
these cells decreased from the original values. The reduction amounted
to 23% in cultures of C. striatum incubated for 24 hr, and 35% in cultures
of C. diphtheriae type gravis held 30 hr. In flasks containing no (NH^SC^,
both test species demonstrated a constant protein content throughout the
period of sampling, and a slowly decreasing carbohydrate content.

After

72 hr of incubation in the absence of nitrogen, the carbohydrate content of
C. striatum had decreased 19% and that of C_. diphtheriae type gravis had
decreased 27% from the initial value.
Relationship to cell viability
Resting cells of C. striatum, previously grown in cultural conditions
that promoted intracellular polysaccharide accumulation, were washed
and resuspended in buffer in the presence or absence of (NH4)2SC>4. The
relationship between intracellular polysaccharide accumulation and viability
of the cells was examined. The cell carbohydrate content of each sample

Fig. 13. Cell carbohydrate content and cell protein content of a
resting cell suspension of CL striatum incubated in the
'
presence and absence of (NH^SC^.
cell protein content, with (NH^SO^., mg/ml of culture
cell protein content, without (NH^SO^., mg/ml of
culture (O)
cell carbohydrate content, with (NH^SO^., mg/ml of
culture (A)
cell carbohydrate content, without (NH4)2SC>4, mg/ml
culture (#)
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Fig. 14. Cell carbohydrate content and cell protein content of a
resting cell suspension of C. diphtheriae type gravis
incubated in the presence and absence of (NH^SO^..
cell protein content, with (NH4)2SC>4, mg/ml of culture (^ )
cell protein content, without (NH4)2S04„ mg/ml of
culture (O)
cell carbohydrate content, with (NI^^SC^ mg/ml of
culture (A )
cell carbohydrate content, without (NH4)2SC>4, mg/ml
of culture (•)
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was also determined. The results, shown in Fig. 15, indicate that cells
incubated in the presence of (NH^SC^ were able to multiply.

The number

of viable cells increased for a period of 6 days upon being suspended in the
buffer containing nitrogen, then decreased rapidly through the remainder
of the observation period. The cells which were resuspended in buffer in
the absence of nitrogen showed a slight increase in number until the third
day of incubation, and then a gradual decrease in viability through the
remainder of the test. The carbohydrate content of cells incubated in the
presence of (NH^SC^ decreased 66% after 5 days of incubation. Cells
incubated in the absence of (NH^SC^ showed a 33% decrease in carbo
hydrate content after 5 days of incubation. In the cells suspended in the
presence of (NH^SO^., the highest viable count occurred at a period in
which the cell carbohydrate content had decreased to the greatest extent
(66%). The resting cells which were exposed to (NH4/2SO4 were apparently
able to accomplish cell division and subsequent growth, utilizing the intra
cellular polysaccharide as a reserve carbon source.

Structure of polysaccharide
Iodine-polysaccharide complex spectra
Chemical analyses were performed to determine the structure of the
isolated polysaccharides. An iodine-polysaccharide complex, observed at
different wavelengths on a recording spectrophotometer will reveal a smooth
curve with one peak of maximal absorbance if the polysaccharide consists

Fig. 15. Cell carbohydrate and number of viable cells in a resting
cell suspension of C. striatum incubated in the presence
and absence of (NH^SC^.
viable cells, with (NH^SC^, cells/ml (O)
viable cells, without (NH4)2S04, cells/ ml (^)
cell carbohydrate content, with (NH4)2SC>4, mg/ml of
culture ( )
cell carbohydrate content, without (NH4)2S04, mg/ml
of culture (•)

CELL CARBOHYDRATE CONTENT

CELLS/ml
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of one type, such as amylose. The absorbance spectra of iodinepolysaccharide complexes (400 ^ig polysaccharide in 3 ml of iodine reagent)
of the isolated polysaccharides from CL striatum and C. diphtheriae type
gravis were measured in a region from 700 to 400 nm on a Beckman DB
spectrophotometer to determine the ^ max of each polysaccharide.
Iodine-polysaccharide complexes of known polysaccharides were also ex
amined for comparison purposes.

The absorption of each sample in the

region from 300 to 225 nm was observed for indication of the presence of
any protein contaminant. All samples were found to be free of protein within
the limits of sensitivity for this test.
The results, shown in Fig. 16, show a close correlation between the
max of the isolated polysaccharides from both species.

Of the standard

polysaccharides examined, both amylopectin and glycogen had wavelengths
of maximal absorption similar to that of the isolated polysaccharides. The
wavelengths of maximal absorption are included in the first column of
Table 4.
Infrared spectra
The infrared spectra of the intracellular polysaccharide from C.
diphtheriae type gravis and (2. striatum, were compared with the spectrum
obtained from a sample of rabbit liver glycogen (Sigma). Glucopyranose
polymers, such as glycogen, are studied in the region between 960 and
730 cm"1. Derivatives with ©^-glycosidic linkages have absorption peaks
at 850 cm-1.

Polyglucosans having mainly

4 linkages have absorption

Fig. 16. Comparison of the iodine-polysaccharide absorption spectra
of the isolated polysaccharides to standard polysaccharides.
Polysaccharides are identified by number.
1
amylose
2
soluble starch
3
amylopectin
4
c. diphtheriae type gravis
5
C. striatum
6
"^2-amylase limit dextrin of glycogen
7
glycogen

0.7

0.6

0.5

g 0.41

z
<
as
ec

§ 0.3|
<

0.2

0.1
'4
•5
•6

400

450

500

550

nm

600

650

700

69

Table 4

Properties of the isolated and known polysaccharides

c^-amylolysis
polysaccharide

TV max

CL*

%

*
ECL

*
ICL

amylose

675

120

99

—

—

amylopectin

540

25

76

14

10

glycogen

490

14

71

9

4

^-amylase limit
dextrin of glycogen

420

10

35

6

3

soluble starch

590

34

92

22

11

C. striatum
polysaccharide

510

8

24

4

3

C. diphtheriae
type gravis
polysaccharide

520

9

31

4

4

* expressed in number of glucose units
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peaks at 758 cm~l and 930 cm~l, while those having primarily ®^,-l, 6
linkages have absorption peaks at 768 cm"l and 917 cm-*.
There was good correlation of absorption peaks between the known
glycogen and the isolated polysaccharides, as can be seen in Fig. 17. All
three samples had absorption peaks at 740 cm-1, 820 cm-1, 880 cm"1
and 945 cm-1. Without assigning specific absorption peaks to specific
linkages, identification was made by comparison of the unknown spectra
with that of the known glycogen.

Neither the standard glycogen nor the

isolated polysaccharides had absorption peaks at the wavelengths normally
demonstrated by ©^-1, 4 and oLrl, 6 linkages.

The conclusion that the

isolated polysaccharide from either specie is similar to glycogen is based
on the fact that the infrared absorption spectra of both samples were ex
tremely similar to the standard glycogen sample, the only differences
being in concentration.
Periodate oxidation
Periodate oxidation was used to estimate the number of non-reducing
end groups of the isolated polysaccharides and of the standard polysaccharide
preparations. The results, presented in the second column of Table 4,
indicate that both species have average chain lengths, CL, similar to glycogen
and to the ^-amylase limit dextrin of glycogen.
Enzymatic analysis
o£-amylase
The amount of reducing sugar (measured as maltose) produced by

Fig. 17. Infrared absorption spectra of the isolated polysaccharides
and of rabbit glycogen.
top spectrum — rabbit glycogen
middle spectrum —Cj striatum
bottom spectrum — C. diphtheriae type gravis
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treatment of the isolated and standard polysaccharide samples with
amylase was determined. The procedure is termed ©^-amylolysis. The
results of a .24 hr incubation of the polysaccharide with ^-amylase, pre
sented in column 3 of Table 4, page 69, indicate that both jC. diphtheriae
type gravis and _C. striatum polysaccharide preparations resemble the
^-amylase limit dextrin of glycogen. Samples of glycogen and amylopectin demonstrated a relatively high percent of ^-amylolysis.
P -amylase
The average exterior chain lengths, ECL, of the isolated and standard
polysaccharides were determined after^ -amylolysis. The results of a
24 hr incubation of each polysaccharide with ^-amylase, presented in
column 4 of Table 4, indicate that polysaccharide preparations of both C.
striatum and C_. diphtheriae type gravis have short mean exterior chain
lengths which are similar to that of ^ -amylase limit dextrin of glycogen.
The standard glycogen preparation demonstrated an average exterior chain
length of 9 or about twice the length of the average exterior chain lengths
for the isolated polysaccharide samples.
The average inner chain lengths, calculated from the relationship,
ICL = CL - ECL - 1, are also presented in column 5 of Table 4. The
samples from C. diphtheriae type gravis and C_. striatum demonstrated
average interior chain lengths similar to those found for the
limit dextrin of glycogen and for the standard glycogen.

-amylase
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Biosynthesis and degradation of the polysaccharide
Hexokinase, phosphoglucomutase, glycogen synthetase, branching
enzyme, phosphorylase, debranching enzyme and cyclodextrin glycosyltransferase activities were measured in crude cell extracts of

striatum

and C. diphtheriae type gravis to determine possible enzymatic sequences
in the synthesis and degradation of the intracellular glycogen.
A brief study concerning the general nature of these enzymes was a
prerequisite to a closer examination of individual enzymes.

No extra

cellular enzyme activity for any of the individual enzymes could be detected
in either organism. Crude extracts, prepared from cells of C. striatum
and C_. diphtheriae type gravis which had been grown on separate cultures
of semi-synthetic medium containing either glucose, maltose, or soluble
starch as a carbon source, were found to possess activity for all enzymes
tested regardless of the substrate on which the organisms were grown.
The degree of activity in extracts obtained from cells grown on glucose or
maltose was approximately one-half of that obtained from extracts of
starch-grown cells. Enzyme activities studied included hexokinase, phos
phoglucomutase, glycogen synthetase., branching enzyme, and phosphorylase.
ATP:D-hexose 6-phosphotransferase
(trivial name, hexokinase)
Crude extracts of C_. diphtheriae type gravis and of C_. striatum were
used to assay for the presence of hexokinase. The results of the assay,
presented in Fig. 18, reveal the amount, of hexokinase present in crude

Fig. 18. Hexokinase activity in crude extracts of C. diphtheriae
type gravis (^), and C_. striatum (•) expressed asjimoles
of glucose-6-phosphate formed per unit of time. Controls
are also represented in which distilled water replaced the
glucose substrate in the incubation mixture with crude
extracts of C. striatum (O) and C!. diphtheriae type gravis (^ ).
The enzyme activity is based on a protein concentration of
1 mg per ml of crude extract.
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extracts. It appears that the depletion of either glucose or ATP inhibited
further glucose-6-phosphate production after 40 min of reaction. The
C. striatum preparation showed greater enzyme activity than the C.
diphtheriae type gravis preparation.
ol-D-glucose-1, 6-diphosphate: od-D-glucose-l-phosphate
phosphotransferase
(trivial name, phosphoglucomutase)
Crude extracts of both cultures were examined to determine the
presence of phosphoglucomutase activity. An inhibitor of the phosphoglu
comutase activity, NaF (Najar, 1962), was added to one set of enzyme
reagents to provide a control.

The results, shown in Fig. 19, depict the

number of jimoles of glucose-6-phosphate formed from glucose-1-phosphate
during a given time period. Both cellular extracts exhibited activity when
the assay was performed in the absence of inhibitor with the C. striatum
extract having greater activity. The assay in which NaF (100 jimoles) was
present inhibited any formation of glucose-6-phosphate.
UDPglucose:glycogen o^-4-glucosytransferase
(trivial name, glycogen synthetase)
The activity of glycogen synthetase present in the crude extracts was
measured since intracellular polysaccharide accumulated was presumed to
be glycogen. The results, in which ^lmoles of UDP formed are related to
time of reaction are presented in Fig. 20. Both crude extracts exhibited a
rather small degree of glycogen synthetase activity, considering the fact
that up to 30% of the dry weight of the cell may be glycogen.

Fig. 19. Phosphoglucomutase activity in crude extracts of C.
diphtheriae type gravis
) and C_. striatum (•)
expressed a jimoles of glucose-6-phosphate per unit
of time. Controls are also represented in which 100
/imoles of NaF were included in the incubation mixture
with crude extracts of CJ. striatum (O) and C_. diphtheriae
type gravis
). The enzyme activity is based on a
protein concentration of 1 mg per ml of crude extract.
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Fig. 20. Glycogen synthetase activity in crude extracts of
diphtheriae type gravis (A ) and C_. striatum (O). Activity
is expressed as jimoles of UDP per unit of time. Controls
are also represented in which the substrate UDPG was
added after incubation with crude extract of _C. striatum (O)
and C. diphtheriae type gravis (A). The enzyme activity
is based on a protein concentration of 1 mg per ml of crude
extract.
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ol-l, 4-glucan: o4-l, 4-glucan 6-glycosyltransferase
(trivial name, branching enzyme)
The determination of branching enzyme activity in the crude extract
was of prime importance because the substrate dependency experiments
had established that regardless of the particular substrate polysaccharide,
the organisms formed glycogen with the same structural characteristics.
The substrate, consisting of either amylose, amylopectin,

-amylase

limit dextrin of amylopectin, or soluble starch, was incubated with the crude
extract at 37 C.

The incubated sample was mixed with iodine and the ab-

sorbance spectrum recorded. A decrease in

max indicated enzyme

activity. When the iodine-polysaccharide complex showed no further de
crease in ^ max, it was assumed that enzyme action on a particular sub
strate had ceased. The results of branching enzyme activity in the crude
extracts of C_. striatum and CL diphtheriae type gravis on various substrates
are presented in Fig. 21 and Fig. 22, respectively. In these figures, the
max is related to time of incubation. Branching enzymes contained in
both extracts reacted similarly in respect to maximal action on particular
substrates. No further enzyme activity was observed after 24 hr with three
of the substrates and none was evident after 6 hr of incubation utilizing
amylopectin as a substrate. The results from both extracts indicate that
the branching enzyme will react faster and introduce a greater number of
branch points if it utilizes substrates consisting of long chain lengths and
containing ^-1,6 branch points. The substrates which are structurally

Fig. 21. Branching enzyme activity of crude extract of C. striatum
on various substrates. Enzyme activity is expressed as a
decrease in the wavelength of maximal absorbance per time
of incubation. Amylose (•), soluble starch (A
p -amylase
limit dextrin of amylopectin (O), and amylopectin IA \
served as substrates. The enzyme activity is based on a
protein concentration of 1 mg per ml of crude extract.
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Fig. 22. Branching enzyme activity of crude extract of C. diphtheriae
type gravis on various substrates. Enzyme activity is ex
pressed as a decrease in the wavelength of maximal absorbance per time of incubation. Amylose (•), soluble starch (A),
^-amylase limit dextrin of amylopectin (O) and amylopectin
(^) served as substrates. The enzyme activity is based on
a protein concentration of 1 mg per ml of crude extract.
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similar to glycogen are less radically changed by the action of branching
enzyme.
As a further study on branching enzyme activity, the relationship
between enzyme activity and enzyme concentration was determined using
amylose as a substrate. The results, shown in Fig. 23, indicate enzyme
activity (shown by a decrease in absorbance of the polysaccharide complex)
is proportional to the concentration of the enzyme from the crude extracts
contained in the reaction vessel.
The effect of varying the pH of the substrate buffer in the assay
system on branching enzyme activity was also determined using amylose
as the substrate. Acetate buffers (0.1 M) were used to effect a pH of 4. 0,
5. 0 and 6. 0. Tris buffers (0.1 M) were used at pH 7. 0 and 8. 0, and
phosphate buffers (0.1 M) at pH 9. 0, 10. 0 and 11. 0. The amylose sub
strate and crude extract was incubated with each buffer separately for 10
min. Enzyme activity was measured by the decrease in absorbance of the
iodine-polysaccharide mixture at 660 nm.

Enzyme activity is shown as a

function of pH in Fig. 24. This assay revealed that the optimum pH for
branching enzyme activity in both crude extracts is 7. 0.
The effect of temperature upon the assay system for branching
enzyme activity was also studied.

Using amylose as the substrate, the

enzyme activity at a temperature range of 0 to 55 C was measured. The
amylose substrate, crude extract, and 0.1 M Tris buffer, pH 8. 0. were
incubated for 10 min at each temperature. Enzyme activity was measured

Fig. 23. Relationship between branching enzyme activity and enzyme
concentration in C. diphtheriae type gravis (A ) and (L
striatum f). Enzyme activity, expressed as a decrease in
absorbance at 560 nm, is related to the concentration of crude
extract in ml. The enzyme activity is based on a protein con
centration of 1 mg per ml of crude extract.
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Fig. 24. Relationship between branching enzyme activity and pH in
crude extracts of C_. diphtheriae type gravis (A) anc* C_.
striatum (#). Enzyme activity, expressed as a decrease
in absorbance at 560 nm, is related to the pH of the incu
bation mixture. The enzyme activity is based on a protein
concentration of 1 mg per ml of crude extract.
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by the decrease in absorbance of the iodine-polysaccharide mixture at
660 nm. The results shown in Fig. 25 reveal that the optimal temperature
for branching enzyme activity was 30-35 C in crude extracts of both
organisms.
Branching enzyme activity in the crude extract will cause a decrease
in CL and ^-amylolysis limit of the substrate, as a function of period of
incubation. The crude bacterial extracts were incubated for various
periods of time with the substrates amylose, amylopectin,
limit dextrin of amylopectin, or soluble starch and the

^-amylase

-amylolysis limit

and end group analyses by periodate oxidation determined. The results,
presented in Table 5, indicate that the branching enzyme present in crude
extracts of both organisms reacts with various polysaccharide substrates
and effects branching. No branching activity in crude extracts of either
organism could be detected utilizing amylopectin as a substrate beyond
the 6 hr incubation period.
The possibility of the presence of amylase or phosphorylase activity
in the crude extract was considered.

The action of either of these enzymes

could be confused with the action of branching enzyme. A branching enzyme
will react with a polysaccharide and rearrange its conformation without
introducing reducing sugar residues.
Amylase activity may be detected by assaying for an increase in
reducing sugar content of the incubation mixtures which were used for the
branching enzyme assays. Such tests were performed on these incubation

Fig. 25. Relationship between branching enzyme activity and
temperature in crude extracts of C_. diphtheriae type
gravis (J^) and C. striatum (#). Enzyme activity,
expressed as a decrease in absorbance at 560 nm, is
related to the temperature of the incubation mixture.
The enzyme activity is based on a protein concentration
of 1 mg per ml of crude extract.
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Table 5
Branching enzyme activity in crude extracts of C_. striatum
and C_. diphtheriae type gravis on various substrates

Q -amylolysis

CL'
Substrate

1*

2**

1*

2**

120

120

91

91

6 hr incubation

52

65

74

81

12 hr incubation

21

25

65

69

24 hr incubation

15

20

56

61

initial determination

29

29

65

65

24 hr incubation

20

21

50

55

initial determination

25

25

46

46

6 hr incubation

19

22

45

46

10

10

5

5

9

9

12

9

amylose
initial determination

soluble starch

amylopectin

^-amylase limit dextrin
of amylopectin
initial determination
24 hr incubation

* C. striatum
*+ C_. diphtheriae type gravis
a) expressed in number of glucose units
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mixturesj and no increase in reducing sugar content was demonstrated.
Therefore, amylase activity was considered to be absent or undetectable
in the branching enzyme assay mixtures.
The enzyme, phosphorylase, releases glucose-1-phosphate from
polysaccharides. Both crude extracts were found to contain phosphoglucomutase activity, which would change the non-reducing, glucose-1-phosphate
into the reducing sugar, glucose-6-phosphate. Therefore, the presence of
phosphorylase would also cause an increase in reducing sugar content in the
branching enzyme assay mixtures. The conditions of the branching enzyme
assays, however., preclude any phosphorylase activity. Inorganic phosphate
is necessary for phosphorylase activity and is not present in the branching
enzyme assay system. During the dialysis step in the preparation of the
crude extracts, any inorganic phosphate present would be included in the
diffusate.
o^-l, 4-glucan:orthophosphate glucosyltransferase
(trivial name, phosphorylase)
To determine if phosphorylase were involved in the degradation of the
intracellular polysaccharide, both crude cellular extracts were assayed for
phosphorylase activity. The extent of phosphorolysis was measured by de
termining both the decrease of polysaccharide concentration and the decrease
in ^S-amylolysis limit. The results, shown in Fig. 26, depict a reduction
in both polysaccharide concentration and the ^-amylolysis limit. These
data indicate that degradation of the polysaccharide did occur and that enzyme

Fig. 26. Phosphorylase activity in crude extracts of C. diphtheriae
type gravis and C_. striatum.
decrease in polysaccharide substrate in mg/ml
C. diphtheriae type gravis (O)
C. striatum (•)
decrease in percent of (j -amylolysis
C. diphtheriae type gravis (^)
C. striatum (A)
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activity was complete after 180 min of incubation. The product of the
incubation, termed a phosphorylase limit dextrin, reflects the degrading
action of phosphorylase upon soluble starch in vitro.

The decrease in the

/^-amylolysis limit indicates that the exterior chain lengths have been
shortened by the action of the phosphorylase.

The substrate, soluble

starch, was degraded 33% by the crude extract of C. diphtheriae type gravis
and 38% by the crude extract of C. striatum.
Since it was known that the phosphorylase required phosphate for
activity, a control experiment was included in which 0.1 M Tris buffer, pH
8. 0, was substituted for the 0.2 M phosphate buffer, pH 8. 0. Under these
conditions, no phosphorolysis occurred, as evidenced by the lack of degra
dation of the soluble substrate. However, a decrease in ^-amylolysis
did indicate that branching activity occurred in the incubation using Tris
buffer.
Amylopectin 6-glucanohydrolase
(trivial name, debranching enzyme)
Crude extracts were examined for debranching enzyme activity, since
this enzyme presumably would have a role in the in vivo degradation of the
intracellular polysaccharide. Debranching enzyme causes an increase in
the ^ -amylolysis limit of a polysaccharide substrate.
bation of a mixture of crude extract,

Therefore, incu

-amylase, and a ^-amylase limit

dextrin, will cause an increase in the reducing sugar content of the mixture
if debranching enzyme is present. Samples of both crude cellular extracts
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tested in this manner failed to show any debranching activity. Since
phosphorylase cannot account for the complete degradation of glycogen,
CM

the failure to demonstrate debranching activity was thought to be due either
to an inactivation of the enzyme or to the presence of an extremely low
concentration of the debranching enzyme.
o£~l-4-glucan 4-glycosyltransferase n'cyclizing)
(trivial name, cyclodextrin glycosyltransferase)
The enzyme, cyclodextrin glycosyltransferase, converts starch into
Schardinger dextrins which are cyclohexa-, cyclohepta- or cyclooctaamyloses. Assays of the crude extracts of both C_. diphtheriae type gravis
and (3. striatum failed to demonstrate any cyclodextrin glycosyltransferase.

DISCUSSION

In a general investigation of the nature of a biological polymer and
its role in microorganisms, several areas are worthy of consideration.
Certainly, means for the isolation of the polymer must be developed. The
structure of the polymer and the environmental or substrate conditions
necessary for the formation of it are of interest. In addition, information
concerning the enzymatic synthesis and degradation of the polymer would
be helpful. It is difficult to consider the structure of the polymer without
proposing some association of structure with polymer function. Further
more, it is appropriate to relate the role of a substrate required for polymer
formation to the study of enzymes acting on that substrate.

A study of the

various enzymes involved in reacting with particular substrates required
for polymer formation leads to suggestions concerning modes of synthesis
and degradation. Although this investigation was concerned primarily with
the structure and metabolism of the polysaccharide of Corynebacterium,
the results relate to functional roles as well.
All data accumulated from the studies on the structure of the intra
cellular polysaccharide, formed in cells of C_. diphtherlae type gravis
under appropriate cultural conditions, are consistent with the proposal that
the polysaccharide is a glycogen. The data indicate that these intracellular
polysaccharides are natural glycogens which have shorter chain lengths
than the standard glycogen obtained from rabbit liver and utilized in the
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assays. A comparison of the properties of the isolated corynebacterial
polysaccharides with those of glycogen isolated from other microorganisms
is shown in Table 6. The glycogen isolated from Arthrobacter sp. most
closely resembles in chain length the intracellular polysaccharides of C.
striatum and CJ. diphtheriae type gravis. This similarity may be a reflection
of the fact that both Arthrobacter and Corynebacterium are members of the
family Corynebacteriaceae.
On the basis of the iodine-polysaccharide complex spectral analysis,
the polysaccharide could be identified as either amylopectin or glycogen.
The infrared spectral data demonstrated nearly identical peaks of absorption
of the isolated polysaccharides and the standard, rabbit glycogen.
The chromatographic data confirmed that the intracellular polysac
charide of both species is composed solely of glucose units. Additional
chromatographic data demonstrated that several different hexoses are
involved in the structure of the cell wall saccharide complex. The incomplete
hydrolysis of the cell wall polysaccharides indicates that the structure might
be chemically bound with other components of the cell wall and in the form
of glycoproteins or glycolipids.

The presence of complex linkages could

contribute to the difficulty encountered in achieving complete hydrolysis and
identification of the cell wall saccharide encountered in this study.
The periodate oxidation procedure, well-suited for the analysis of a
glycogen-like structure, was beneficial in determining the CL of the isolated
polysaccharides. The data obtained from the periodate analyses demonstrated
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Table 6

Comparison of properties of glycogen isolated from other
microorganisms to polysaccharide from
C. striatum and C_. diphtheriae type gravis

>\

Organism

CL* ECL* ICL*

max

Aerobacter aero genes

13

9

485

Sigal et al.,
1964

Agrobacterium tumefaciens

13

9

470

Zevenhuizen,
1966

8-9

4-5

2-3

380

Zevenhuizen,
1966

9

6-7

1-2

Escherichia coli

12

9

2-3

Saccharomyces cerevisiae

12

8-9

2-3

Sphaerotilus natans

13

10

C. diphtheriae type gravis

9

4

4

520

C. striatum

8

4

3

510

Arthrobacter sp.

Bacillus megaterium

* number of glucose units

Reference

Barry et al.,
1952
440

Sigal et al.,
1964
Northcote,
1953

480

Zevenhuizen,
1966
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that the average chain lengths of the isolated polysaccharides were similar
to the values obtained for glycogen and ^-amylase limit dextrin of glycogen.
Enzymatic cleavage of the isolated polysaccharides witho^ and ^-amylases
provides information about the glucose chain lengths of the exterior and
interior^-1,4-glucosans. Treatment of the isolated polysaccharides by
cK -amylase reveals that the degree of ^-amylolysis is similar to that ob
tained with the {I -amylase limit dextrin of glycogen. Analysis of data from
the ^3 -amylase incubation also demonstrated that the average exterior chain
lengths of the preparations most closely resembled the average exterior
chain lengths of^-amylase limit dextrin of glycogen.
Confirmation of the presence of polysaccharide within cells of both
species was attempted by the examination of ultrathin sections of cells grown
under conditions known to enhance polysaccharide accumulation. The electron
micrographs demonstrated globular, unstained cytoplasmic inclusions which
were interpreted as representing the glycogen deposits.

No restricting

membranes surrounding the inclusions were demonstrated.

The inclusions

are found randomly throughout the cell cytoplasm and do not seem to have any
apparent relationship to other structures of the cell such as mesosbmes.
polyphosphate granules, nuclear material, or cell membranes. Kuwata (1965)
demonstrated the presence of similar inclusions in 45 day old cells of
Corynebacterium diphtheriae. He made no statement, however, concerning
the composition or identification of the inclusions observed.
The conclusion that large, non-staining globules within the cytoplasm
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of test cells consist of glycogen comes strictly from chemical analysis
rather than from cytochemical evidence. Chemical evidence indicated that
cells grown on glucose as a carbon source never produced the intracellular
inclusions and the electron micrographs of similar cells did not reveal the
presence of inclusions. Furthermore, cells grown in the presence of a
polysaccharide carbon source in a nitrogen deficient medium invariably
possessed deposits of polysaccharide, as shown by chemical analysis, and
inclusions, as revealed by electron microscopy.
The specific identification of these inclusions as glycogen using
electron microscopy demands the utilization of a staining procedure which
will both react with glycogen and will be electron dense. Some work in the
development of glycogen specific stains for electron microscopy has been
reported. Plant and animal tissues which contain glycogen and other poly
saccharides are quite easily stained. An impregnation with silver methenamine has been successful in identifying glycogen in animal tissues (Martino
and Zamborni, 1967; Marinozzi, 1961). Thin sections from these materials
revealed the glycogen to be argentophilic and consequently electron dense.
In primitive plants, such as blue green algae, a combination of periodic
acid-Schiff (PAS) and dimedone has been successful in locating cytoplasmic
glycogen (Maugini, 1967). Silver hexamine plus dimedone has elucidated
ultrastructural polysaccharides in root tip cells (Pickett-Heaps, 1967). In
larger plants, in which the polysaccharide is deposited in much larger
globules, identification may be made without special staining procedures
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(Salema and Badenhuizen, 1967; Mussulman and Wagoner, 1968). These
methods, when applied to thin sections of both C!. diphtheriae type gravis
and C. striatum, failed to stain specifically the deposits believed to be
glycogen. Since the chemical investigations revealed the inclusions were
glycogen, it is considered that the staining procedures were not adequate
to reveal the presence of the polysaccharide. Corynebacterium cells are
small (about 0.5 by 1.0 ^m) and the amount of glycogen in any one cyto
plasmic site is minimal and would represent a much smaller volume than
that observed in eucaryotic cells.

Consequently, the specific stains for

polysaccharides which are adequate in larger cells with relatively immense
deposits of polysaccharide might be inadequate for use with Corynebacterium.
A considerable effort was expended in this investigation in an attempt
to determine the role of the substrate in the formation of intracellular poly
saccharides in Corynebacterium.

The results of studies concerning the

relationship between substrate carbon source and the formation of intracellular
polysaccharide do not coincide with all previous reports.
Carrier (1961) demonstrated that C. diphtheriae type gravis possessed
a phosphorylase and produced iodophilic polysaccharide from glucose-1phosphate only. He also reported that C_. striatum utilized corn starch,
potato starch, linear and branched fractions of starch (amylose and amylopectin, respectively), and dextrin in the production of the iodophilic poly
saccharide. The present study revealed that both C_. diphtheriae type gravis
and C. striatum could utilize glycogen, amylopectin, amylose, potato starch,
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dextrin, soluble starch, and /^-amylase limit dextrin of amylopectin as a
substrate for polysaccharide synthesis.

Further, both species could

utilize tri-, di- and monosaccharides as carbon sources for growth, but
not for intracellular polysaccharide accumulation. If either species were
grown on a mixture of glucose and polysaccharide such as soluble starch,
the glucose was utilized preferentially as the carbon source and no poly
saccharide was formed.

The glucose-UL-Cl4 incorporation experiment

revealed that glucose units present in the substrate medium could be in
corporated into intracellular polysaccharide. In this experiment, however,
the glucose was not introduced into the medium until the cells were actively
accumulating polysaccharide and hence sufficient primer was available to
effect synthesis.
The observation that cells of C_. diphtheriae type gravis and C_. striatum
required a polysaccharide as a substrate in order to form an intracellular
polysaccharide is somewhat unique. Arthrobacter (Zevenhuizen, 1966),
E. coli (Palmstierna, 1956; Monod and Torriani, 1948), Acetobacter (Tosic
and Walker, 1950), Neisseria (Hehre and Hamilton. 1948) and Bacillus
(Barry et al., 1952) are able to utilize mono- and disaccharides as a sub
strate for the synthesis of intracellular polysaccharides. The finding that
both of the species in the present study required a polysaccharide as a
substrate for intracellular polysaccharide synthesis led to the development
of two hypotheses to explain the phenomenon. Either the polysaccharide had
to be present in the substrate to induce the necessary enzymes for
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polysaccharide synthesis, or the polysaccharide as a substrate was acting
as a primer molecule.
The possibility that substrate polysaccharide served as an inducer for
intracellular polysaccharide accumulation was considered because of the
fact that polysaccharide had to be present in the substrate for intracellular
polysaccharide accumulation to occur.

However, assays for glycogen

synthetase, hexokinase, phosphoglucomutase, branching enzyme and phosphorylase of crude extracts of cells grown on non-poly saccharide substrates
revealed enzyme activity. It is also possible that the cells growing on a
combination of glucose and soluble starch could not accumulate intracellular
polysaccharide because the glucose was acting as a catabolite repressor.
This is a distinct possibility. It may be that some enzyme responsible for
acting on the polysaccharide in the substrate is repressed by the glucose
also present in the substrate.
The possibility that polysaccharide must be present in the substrate
to act as a primer molecule must also be considered.

Kindt and Conrad

(1967) found that Aerobacter aerogenes produced an active glycogen syn
thetase, but accumulated very little endogenous glycogen. The cell extracts
had an absolute primer requirement for glycogen for incorporation of glucose
from ADPglucose into glycogen. Further, amylopectin, two different
bacterial glycogens and the

-amylase limit dextrins of these polysacchar

ides each served as primer molecules.

It is possible that the same type of

situation is present in Corynebacterium in which the enzymes necessary for
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synthesis are always present, but intracellular polysaccharide is not
produced unless a primer polysaccharide is present in the substrate.

This

hypothesis could be tested by comparing the ability of crude extracts to
synthesize glycogen with and without the presence of primer polysaccharide.
The only explanation for the failure of cells grown on soluble starch and
glucose simultaneously to form intracellular polysaccharide is that the cells
will preferentially utilize the glucose as a carbon source, leaving the soluble
starch in solution, even though all the enzymes necessary for polysaccharide
synthesis are present.
Another relationship between substrate and intracellular polysaccharide
demonstrated in this study is the fact that the structure of the intracellular
polysaccharide is highly similar regardless of the structure of the substrate
polysaccharide. This fact detracts from the hypothesis of Carrier (1961) in
which he suggested that portions of the polysaccharide substrate molecule
were transported through the cell wall, and cell membrane and deposited in
the cytoplasm. Carrier found that when starch was the substrate poly
saccharide, utilization did not result in an increase in reducing compounds
or in an increase in maltose or glucose in the medium. He thought that cyclic
dextrins might be formed as an intermediate product, but withdrew the
proposal when he found that cyclic dextrins failed to be utilized as a carbon
source. In this study, both C. diphtheriae type gravis and C. striatum failed
to show any

-1,4-glucan 4-glycosyltransferase enzyme activity, thereby

explaining why cyclic dextrins were not utilized as a substrate.
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The stoichiometry between substrate polysaccharide utilization and
intracellular polysaccharide accumulation was determined. Carrier (1961)
had reported that substrate starch was found to decrease at approximately
the rate of intracellular starch synthesis. Similar studies with C_.
diphtheriae type gravis and C. striatum in this investigation confirmed
Carrier's work.
None of the enzymes assayed in crude cell extracts in these studies
displayed extracellular activity.

An attempt to produce protoplasts to

discern the cytological site of enzyme activity was unsuccessful.

It was

anticipated that if protoplasts were able to synthesize polysaccharide at the
same rate as whole cells this would indicate that all enzymes involved were
either intracellular or bound in some manner to the cell membrane. The
cells proved to be insensitive to penicillin, lysozyme and lysozyme-EDTA
treatment. Subsequent studies on the cell walls of the test cells indicated
that up to 40% of the dry weight of the cell wall of _C_. striatum was lipid.
No analysis of the lipid fraction was attempted. The high percent of cell
wall lipid is similar to the percent of lipid found in cell walls of
Mycobacterium (Salton, 1964). It is possible that, the lipid might be masking
active sites for penicillin or lysozyme action. Since protoplasts could not
be formed, isolation of the cell membranes could not be effected. If
reasonably good preparations of cell membranes could be isolated, assays
for enzyme activities could be performed on the membrane fraction to deter
mine which specific enzymes involved in polysaccharide synthesis are
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associated with the cell membrane.
Several experiments, performed to support proposals for a functional
role of the intracellular polysaccharide, indicated that the intracellular
polysaccharide could serve as a reserve source of carbon. Under appro
priate conditions, this deposit was used to support the synthesis of protein
or served as an endogenous carbon source to extend cell viability.
The intracellular polysaccharide content of cells which were suspended
in a salt solution devoid of carbon and nitrogen, was shown to decrease
slowly with time. Zevenhuizen (1966) found this to be true also in his
studies with Arthrobacter. In contradistinction, Palmstierna (1956) found
that E_. coli containing intracellular polysaccharide, rapidly utilized the
polysaccharide when suspended in a buffer devoid of carbon and nitrogen.
In the present study, resting cells containing polysaccharide suspended in a
salt solution containing nitrogen, showed an increase of 20% in cell protein
content over those cells suspended in a salt solution without nitrogen. In
the cells suspended in the salt solution containing nitrogen, the total cell
carbohydrate content dropped much more rapidly than the total cell carbo
hydrate content of cells suspended in salt solution devoid of nitrogen. The
conclusion is made that the resting cells, given a source of nitrogen, will
utilize the carbon in the intracellular polysaccharide to form new protein.
Since resting cells with significant amounts of intracellular polysaccharide were found to retain viability for a longer period of time in a carbonfree medium than did cells devoid of intracellular polysaccharide, the
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assumption may be made that the polysaccharide was being used to support
*
endogenous respiration. The proof of this assumption might be obtained
from manometric studies in which a correlation would be made between the
amount of polysaccharide disappearence and the amount of CO2 evolved.

A

R. Q. of 1. 0 would indicate that carbohydrate (polysaccharide) was the
endogenous substrate (Cantarow and Schepartz, 1962).
One approach to an understanding of the factors involved in the synthesis
and degradation of a polysaccharide is the consideration of the types of in
formation that relate to polysaccharide formation. There are primarily
three sources of information: namely, primer substances, the structure of
the cytoplasmic membrane, and enzyme specificity (Robbins et al., 1966).
The role of the primer in synthesis has been discussed previously.

The

approach to the synthesis of the polysaccharide through a study of the structure
of the cytoplasmic membrane is feasible if the separation of the cell wall and
cell membrane can be effected. Since formation of protoplasts by removal
of cell walls was not possible, this study was not pursued. The third approach,
experimentation concerning the role of specific enzymes, was the method used
to examine the synthesis of the polysaccharides. Enzymes were selected for
study which are known to participate in the synthesis and degradation of poly
saccharides in other cell systems and microorganisms. Assays were performed
to demonstrate activity of the chosen enzymes, and as a result of the assays,
possible stepwise reactions for the synthesis and degradation of the poly
saccharide were proposed.
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Although not used in this study, the selection for and use of mutants
to study possible synthetic and degradative pathways is also a method for
testing capabilities of specific enzymes.

For example, if one wished to

determine the existence of separate synthetic and degradative enzymes for
a particular product, selection for a mutant cell line which could synthesize
but not degrade the product would be very beneficial.
The demonstration in crude extracts of the presence of glycogen
synthetase, branching, and debranching enzyme activity was considered
essential for the proposal of synthetic and degradative pathways for the
polysaccharide. As previously stated, debranching activity could not be
shown in either crude extract, presumably because of inadequate assay
procedures, or because of inactivation of the enzyme during the preparation
of the crude extracts.
It was noted that the activity found in the assay of glycogen synthetase
of both C_. striatum and C. diphtheriae type gravis was low in comparison
to activities reported in other microorganisms. The activity was tested
using UDPglucose, as this nucleotide sugar had been reported to be a sub
strate for glycogen synthetase in several microorganisms (Leloir, 1959;
Leloir, 1961; Carlson and Hehre, 1949; Illingworth et al., 1961;
Strominger, 1961). The possibility of other nucleotide sugars acting as
substrates in saccharide synthesis was discussed by Ginsburg (1964) and
Leloir (1964). Sigal, in 1964, pointed out that glycogen was shown to occur
in some strains of E. coli deficient in UDPglucose pyrophosphorylase,
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therefore suggesting that some nucleotide other than UDPglucose was
serving as a precursor in these strains. Now Greenberg and Preiss (1964)
have shown that extracts of Aerobacter aerogenes, Agrobacterium
tumefaciens, Arthrobacter sp.,

Escherichia coli, Bacillus sp., Micrococcus

lysodeiktikus and Rhodosprilium rubrum catalyze the transfer of glucose
from ADPglucose to the ends of a glycogen primer. Arthrobacter ADPglucose: glycogen transglucosylase was partially purified (Shen et al., 1964,
Greenberg and Preiss, 1965) and was shown not to be active with other
glucose-containing nucleotides such as UDPglucose, TDPglucose, CDPglucose, GDPglucose and IDPglucose. This evidence indicates that in
Corynebacterium, UDPglucose may not be the substrate for glycogen syn
thetase, and ADPglucose should be tested as an alternate glucose donor.
The presence or absence of branching enzyme was of particular
interest. Branching in the intracellular polysaccharide is advantageous to
the cell because in a high molecular weight polymer, a branched molecule
takes up less volume than a straight chain molecule such as amylose. By
studying the data presented in Table 3, page 42, concerning branching
enzyme activity, one important observation should be noted. With the
exception of the instance in which ^ -amylase limit dextrin of amylopectin
was used as a substrate, the values observed for the chain lengths of the
other substrates were greater after 24 hr incubation than the average chain
lengths of the polysaccharides isolated from C. striatum and C_. diphtheriae
type gravis. This suggests that either the assay system was not sensitive
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enough to detect maximal branching, or there are other enzyme systems
operable in vivo, which influences the final pattern of branching. Since it
has been shown that C_. diphtheriae type gravis has an amylase (Veeder,
1969), the branching enzyme and amylase may act in conjunction to achieve
the ultimate chain lengths.
Determination of the enzyme activity of cyclodextrin glycosytrans
ferase was of interest because of the product of the enzymatic activity on
starch. If cyclodextrin glycosyltransferase reacts with starch, an oligo
saccharide of 6, 7 or 8 glucose units is the product. Oligosaccharides of
4 to 10 hexose units were not tested in these studies as a substrate for
intracellular polysaccharide synthesis, because they were not available.
Therefore, if either organism had demonstrated cyclodextrin glycosyl
transferase activity, the possibility exists that an oligosaccharide is an
intermediate form of carbohydrate involved in the polysaccharide metabolism.
However, enzyme activity was not demonstrable in either crude extract.
Phosphorylases alone cannot fully degrade a branched molecule.
Although phosphorylases were first postulated to be synthetic enzymes by Cori
and Cori (1943), they have now been shown to be functionally degradative in
nature. Synthesis by phosphorylase catalyzed reactions occur only when the
ratio of inorganic phosphate to glucose-f-phosphate is 3 or less. . The ratio
in bacteria was found to be higher than 3:1 (Leloir and Cardini, 1962). Since
degradation of the polysaccharide is observed, it is conceivable that the
phosphorylase promotes degradation of o^-1> 4-glucosidic linkages, and
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debranching enzyme hydrolyzes theo^ -1» 6-glucosidic linkages in the intra
cellular polysaccharide. Amylase, as reported by Veeder (1969), may also
participate in the degradation of the polysaccharide by hydrolyzing^-1,4glucosidic linkages.
In summary, the enzymes studied in this investigation seemed to be
involved either in synthesis or degradation of the polysaccharide. Those
believed to be involved in synthesis might react in the following sequence.
1. hexokinase
ATP + glucose —^

ADP + glucose-6-phosphate

2. Phosphoglucomutase
glucose-6-phosphate —7 glucose-1-phosphate
3. glycogen synthetase
UDPglucose + (glycogen)n —^ UDP + (glycogen)n+l
4. branching enzyme
transfers part of an o( -1,4-glucan chain from a 4 to a 6 position
The glycogen synthetase activity was assayed using UDPglucose as a sub
strate. This substrate stipulates that the cells possess a UDPglucose
pyrophosphorylase, which would catalyze the reaction:
UTP + glucose-1-phosphate

UDPglucose + PPi.

Hence, this reaction would be placed sequentially between reaction 2 and
reaction 3.
Degradation of the branched, intracellular polysaccharide is thought
to occur by a combined action of the following two enzymes, also studied
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in this investigation.
5. debranching enzyme
hydrolyzes «X-1, 6-glucan linkages
e

6. phosphorylase
(o(~li 4-glucan)n +

( o(-l. 4-glucan)n-l + glucose-1-phosphate

Whether one of these reactions represents a rate-limiting step in the synthesis
of glycogen or whether there are other enzymes involved in the synthesis or
degradation has yet to be determined.
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